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Abstract
The ability to manipulate and nanofocus light has many potential applications such
as surface-enhanced spectroscopy, optical trapping, heat-assisted magnetic recording,
and near-field imaging. In this thesis a new method to fabricate devices for nanofocus-
ing is introduced and then demonstrated for use in near-field imaging. This method uses
a sharp, metallic tip to confine and focus the light. Current methods to produce these
sharp tips suffer from low reliability and low-throughput processing methods. Here a
fabrication method called template stripping is introduced. With this method, precise
control over the fabrication of metal films with integrated bumps, grooves, and holes is
shown. Next, the method is used to fabricate sharp, metallic tips. The tips are used for
near-field imaging and show a resolution of <20 nm and observed fluorescence enhance-
ments of ≈200x from single fluorescent molecules. The tips are also demonstrated for
near-field Raman imaging of carbon nanotube bundles and show good results. These
tips provide high-quality results, but one of the more important features is that the
yield of the tips is around 95%, much higher than current methods for fabricating
sharp, metallic tips. Also, different schemes to create nanofocusing are presented. One
method makes use of an asymmetric metal deposition and another a C-shaped aperture
around the tip to focus light illuminating the tip from inside itself. Both of these meth-
ods show significant nanofocusing and provide new structures for nanofocusing studies.
The processes to fabricate these structures are developed with the hope that they will
be widely disseminated to allow more researchers access to reliable tips and hopefully
bringing more people into the field of near-field imaging.
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Chapter 1
Introduction
1.1 Introduction and motivation
The word “light” generally refers to photons with an energy lying within or near the
range of perception of our eyes. This comprises only a small portion of the electro-
magnetic spectrum, but is responsible for much of how we perceive the world around
us. Light has the ability the transfer information about a material (e.g. color) through
space which can then be spectrally isolated and interpreted by our eyes. From this ba-
sis, many scientific studies and advancements have come from our ability to manipulate
light to allow us to glean more information from it. Inventions such as the telescope
allowed Galileo Galilei to observe features in the sky and the microscope allowed Robert
Hooke and Antony van Leeuwenhoek to observe cells in ways not possible previously,
both though careful manipulation of light. With the addition of detectors and filters
we are able to get even more information about the light though polarization and spec-
troscopic studies. This makes the use of light a powerful tool across many scientific
disciplines including nanotechnology.
The field of nanotechnology has been rapidly growing and all indications point to its
continued growth. The field gained traction through the miniaturization of computer
1
2components and the results have been staggering. The first computer, the ENIAC,
weighed 27 tons, had a footprint of about 167 m2 (1800 ft2), and consumed 150 kW of
power. Partially through advancements in nanotechnology, computers today are capable
today of orders of magnitude more computing power with orders of magnitude less mass,
volume, and power consumption. But the push towards nanotechnology is no longer
isolated to computing and now is extensively multi-disciplinary with influence in a wide
range of fields. This drive is not only powered by the desire for more compact devices
which require less resources to operate, but also because many interesting phenomena
manifest themselves only at these length scale. Today nanotechnology is being used
for everything from textiles, to food production, to medical devices, to street signs. To
follow this trend of miniaturization, it is important to understand light at this scale.
Light is important at the nanoscale not only for characterization of new devices,
but as an integral component to some devices as well. When light and the nanoscale
intersect, they cross through what is called the diffraction limit. Due to the wave nature
of light, the diffraction limit places restrictions on how tightly it can be focused in free-
space to about λ/2. The same applies to information being carried by the light, where
the spatial information it can carry is also limited to about the same amount. These
restrictions, though, don’t apply in the same way when multiple different materials as
present, especially at the interfaces between the materials. The interfaces between the
materials create different boundary conditions depending where the light is, allowing for
increased flexibility. One especially useful interface is between a dielectric and a metal.
At this interface it is possible to to create plasmons, which are collective oscillations of
the free electrons in the metal and surface plasmon polaritons (SPPs) where photons
are coupled to the electron oscillations forming a hybrid wave.20 Understanding and
controlling these resonances can be very powerful, but it also requires precise fabrication
of features at the nanoscale to interact with them. Once materials are able to be
controlled at the nanoscale, they can interact with light to provide new devices not
before possible and help continue advances in nanotechnology throughout the science
3community.21–25
There are many different types of nanostructures which harness the abilities of SPPs,
making them quite versatile. One structure which seemed to spark the current increased
interest consists of an array of subwavelength holes through a thin metal film. When the
film is made from a plasmonic material, (such as Ag or Au in the visible) it will transmit
much more light than would be expected based on the wavelength of the incident light,
size of the holes, and opacity of the metal film.26,27 This increase is partially due to
surface plasmons formed on the surfaces of the metal. Metamaterials, metals with a
negative refractive index,28 have also been of interest especially since new techniques
are extending their performance to optical wavelengths29 and allowing for possibilities
such as ultra-high-resolution imaging30–32 and optical cloaking.33–35 Even this is just
scratching the surface, and there is also intense research to apply these techniques to
fields such as photovoltaics,36 optical circuitry,37 optical trapping,38 data storage,39–41
surface-enhanced spectroscopy,42–44 and biosensing.45–49
1.2 Scope of this thesis
The field of plasmonics is very broad with potential applications through an array of
different disciplines. While many of the techniques presented here could be applied
to multiple fields, the focus of this thesis is nanofocusing. Nanofocusing allows for a
very small, intense spot of light to be formed in a precise location. One of the most
useful methods for nanofocusing, and the one presented here, uses a sharp, metallic
tip. The first problem solved in this thesis is the fabrication of such tips. A variety of
methods have been used to make sharp metallic tips, but most have low throughput
and low reliability. Here I present a method called template stripping which I show
can produce thousands of tips in parallel with a yield of < 95%. These tips are then
used to perform near-field imaging experiments of single molecules. Also presented are
a variety of different modalities to excite the tips to provide flexibility in nanofocusing
4experiments. Finally, a number of other novel fabrication methods are presented along
with a number of different plasmonic devices to be used as sensors.
1.2.1 Outline of chapters
This dissertation is organized into the following chapters, each outlining a significant
portion of the original research performed throughout the dissertation.
• Chapter 2 presents the theoretical background as a basis for the other chapters.
Derived from Maxwell’s equations are the solution for free-space light and the
solution for a surface plasmon polariton.
• Chapter 3 demonstrates a fabrication technique called template stripping which
can create metallic structures with ultrasmooth surfaces. The capabilities for
the method are demonstrated by the fabrication of ramped gratings, hole arrays,
and bull’s eyes and optical measurements are also obtained. Optical constants of
template stripped films are also measured.
• Chapter 4 introduces nanofocusing which allows for light to be confined into very
small and intense spots. Two new structures for nanofocusing are presented and
characterized.
• Chapter 5 presents a very useful application of nanofocusing called near-field imag-
ing. A new method to create tips to use for near-field imaging is demonstrated
through the imaging of single molecules, single-walled carbon nanotubes, and sin-
gle nitrogen vacancy centers.
• Chapter 6 introduces the use of surface plasmons for biosensing. A new sensor is
presented and proof-of-concept experiments are performed.
• Chapter 7 provides a brief conclusion and summary of the work and a variety of
ideas for future directions.
Chapter 2
Theoretical Considerations
2.1 Optical properties of metals
2.1.1 Maxwell’s equations
Macroscopic electromagnetism and all its related phenomena can be described using
Maxwell’s equations. In 1865 J. C. Maxwell surveyed the various equations being used
to explain electricity and magnetism and through some slight adjustments was able to
create a set of self-consistent equations to explain electromagnetic fields and how they
evolve over time.50 These provide the foundation for our understanding of optical fields
and are:
∇ ·D = ρ (2.1)
∇ ·B = 0 (2.2)
∇×E = −∂B
∂t
(2.3)
∇×H = J + ∂D
∂t
(2.4)
where D is the displacement in units of coulombs per square meter, B is the magnetic
induction in units of tesla, E is the electric field in units of volts per meter, and H is
the magnetic field in units of ampere per meter. Also, ρ is the charge density in units
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6of coulomb per cubic meter and J is the current density in ampere per square meter,
both of which are zero in a region free of charges or currents, which is the case we will
consider from here on. When we also limit ourselves to systems with linear, isotropic
media, two more useful relations can be formed which are:
D = E (2.5)
B = µH (2.6)
where  is the electric permittivity and µ is the magnetic permeability. For convenience
it is useful to further define:
r =

0
(2.7)
µr =
µ
µ0
(2.8)
where r is the relative permittivity of a substance (or dielectric constant) and µr is
the relative permeability and are both dimensionless. Also used are the fundamental
constants of the electric permittivity of free space (0 ≈ 8.854×10−12 F/m) and magnetic
permeability if free space (µ0 ≈ 1.256 × 10−6 H/m). These definitions help in future
discussions. In this work we are mainly only concerned with non-magnetic materials,
and so we can set µr = 1 making B = µ0H.
The relationship describing how a linear material responds to an applied electric
field E can be extended from equations (2.5) - (2.6) and given by:
D = r0E = 0(1 + χ)E = 0E + P (2.9)
where P is defined as the macroscopic polarization, and χ is the dielectric susceptibility.
This can be simplified to:
P = 0χE . (2.10)
Using this foundation to describe electromagnetic fields interacting with matter we are
able to look more closely at specific systems.
72.1.2 Propagating plane waves
Using Maxwell’s equations it is possible to find a solution which is a traveling wave and
represents the transport of energy from one point to another. This common solution
for a propagating plane wave can be very useful in explaining the propagation and
interactions of light. Starting with equations (2.1) – (2.4) along with equations (2.5) –
(2.5), our previously stated assumptions about the material properties, and assuming a
harmonic time dependence of e−iωt, we can write the equations for E and H as:
∇×E− iωB = 0 (2.11)
∇×B− iωµB = 0 . (2.12)
These two equations can then be combines to form the Helmholtz wave equation:
(∇2 + µω2)
{
E
B
}
= 0 . (2.13)
From here we one possible solution for E is:
E(x, t) = E0e
ik·x−iωt (2.14)
where the wave has an angular frequency of ω and wavevector k. A similar equation
can also be derived for H(x, t). From equation (2.13) we can see there is a restriction
on our wavevector of k =
√
µ ω kˆ = k kˆ. If we now define a new value n =
√
rµr
and recognize that the speed of light in a vacuum is c = 1/
√
µ00 we can write our
wavevector as k = nω/c kˆ. The quantity n defined here is called the index of refraction
and, since we are considering non-magnetic materials where µr = 1, is fully described
by material’s dielectric constant r. This value can also be complex to represent losses
in the metal. The other term we are accustomed to when working with light is the
wavelength, and is related to the wavevector through k = 2pi/λ. This formulation can
be used to describe how light interacts with matter as an electromagnetic wave.
82.1.3 Dielectric function of a metal
When light travels through different media it incurs dispersion to varying degrees. Dis-
persion means that the matter interacts differently with light depending on the frequency
of the wave. Here we develop a simple model for the dispersion in metals. The metal is
modeled as a set of electrons which are oscillating with respect to their ion cores. The
equation of motion for an electron −e driven by a time-varying electric field E(x, t) can
be written as:
m[x¨ + γx˙ + ω20x] = −eE(x, t) (2.15)
where m is the effective mass of the electron and γ measures the phenomenological
damping force which can be related to the average time between collisions in the free
electron gas τ through γ = 1/τ . For an incident light wave, the driving electric field will
vary in time with frequency ω as e−iωt. This means that the dipole moment contribution
for a single electron is given by:
p = −ex = e
2E
m(ω20 − ω2 − iωγ)
. (2.16)
This can then be extended to the full material by allowing for N molecules per unit
volume with Z electrons per molecule. We also want to allow for the different electrons in
the molecule to have different binding frequencies, so we say that there are fj electrons
per molecule with damping constant γj and binging frequency ωj . This makes our
macroscopic polarization be:
P =
Ne2E
0m
∑
j
fi
(ω2j − ω2 − iωγj)
(2.17)
where the oscillator strengths fj satisfy the sum:∑
j
fj = Z .
We can then combine equation 2.17 with equations (2.9) and (2.10) to give:
r(ω) = 1 +
Ne2
0m
∑
j
fi
(ω2j − ω2 − iωγj)
(2.18)
9which is a general form for the Lorentz model of a material which incorporates multiple
resonances. This model can give an accurate description of the the dielectric constant if
suitable definitions of fj , γj , and ωj are used. This can be useful for applications such
as finite-difference time-domain (FDTD) modeling which require accurate constants to
produce accurate results. If we impose a few constraints, a simplified form can be
obtained which is useful for simple analytic equations and can, in general, still produce
good results. These calculations can then be checked later with the more complex
model for the dielectric constant if desired. We first remove the contribution of the
bound electrons represented by ω0 and also assume the electrons are all the same, which
removes the summation. This gives us the following approximation of the dielectric
function:
r(ω) = 1−
ω2p
ω2 + iγω
(2.19)
where ωp is called the plasma frequency and is defined as:
ω2p =
Ne2
om
. (2.20)
This is a form of the Drude model51 and incorporates the plasma frequency ωp which
represents the frequency regime where the metal transitions from dielectric behavior to
metallic behavior. The dielectric function here has both real and imaginary components
which can be split apart by r(ω) = 1(ω) + i2(ω) giving:
1(ω) = 1−
ω2pτ
2
1 + ω2τ2
(2.21)
2(ω) =
ω2pτ
ω(1 + ω2τ2)
(2.22)
where γ = 1/τ has been substituted. Here 2(ω) is related to the losses in the material
and the real and imaginary components can be studied separately. Using this description
of how metals interact with light, we can see how their interactions vary through different
regimes and how we can leverage different phenomena to produce useful devices.
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2.2 Plasmons
We now look at how the metal reacts to external fields as the frequency ω of the driving
field varies with respect to the plasma frequency ωp. At the frequencies we are interested
in here generally ω  γ and so for convenience we reduce equation (2.19) to its lossless
form of:
r(ω) ≈ 1−
ω2p
ω2
(2.23)
to look at the regions where ω > ωp, ω = ωp, and ω < ωp.
For the region where ω > ωp, equation (2.23) will give a positive value for r(w) and
allows for waves to propagate through the metal. In this regime the metal acts like a
simple dielectric.
The next region, where ω = ωp, is more interesting and is where we are introduced to
the idea of a plasmon. A plasmon is a collective oscillation of free electrons20 which, as
we will see, can be very useful. In this regime r = 0 which when coupled with equation
(2.14) means that k = 0, and therefore must correspond to a collective longitudinal
mode. This oscillation is called a volume plasmon and describes a situation were all of
the electrons are moving in phase at the plasma frequency. This type of oscillation is
possible in a metallic slab where one can think of all the electrons moving in-sync with
respect to their positively charged ion cores. As the electrons move away from their ion
cores an electric field is established inside of the slab which then creates a restoring force
on the electrons. Since this oscillation is longitudinal, it does not couple with transverse
electromagnetic waves making its excitation difficult and can only be accomplished by
events such as a particle collision. If instead of a slab only an interface between a
metal and a dielectric is assumed where the metal and dielectric extend infinitely from
the interface, a surface plasmon (SP) can be generated with a resonant frequency of
ωsp = ωp/
√
2.52 Similarly, if a metallic sphere is excited, a localized surface plasmon
resonance (LSPR) is generated with a resonant frequency of ωlspr = ωp/
√
3. It should
be noted that the derivation of ωlspr assumes that the radius r of the sphere is much
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shorter than the wavelength of the incident light, or that r  (2pic)/ω. In these cases
the plasmons are not propagating and rather oscillate in the same location. The case of
a LSPR is used to understand the interactions of light with either small pieces of metal
or metal surfaces with nanoscale features. If a surface has a small metallic protrusion, it
is possible to generate a LSPR at that point and has the potential to generate extremely
high field enhancements.
The final region we will look at is where ω < ωp. Here the wavevector k becomes
complex and the wave equation, equation (2.14), no longer propagates but rather decays
exponentially into the metal. This is called an evanescent wave. In this regime light
is usually simply reflected by the surface (as we are used to with metals and why they
are used as mirrors), but since the wavevector has an imaginary component it opens up
the door to many possibilities. The wavevector of light is restricted by the relationship
k2 = k2x + k
2
y + k
2
z = n
2ω2/c2 = 4pi2n2/λ2 and thus so is its confinement. It is not
possible for the z, y, or z components to increase arbitrarily since they are bound by
the total k and explains why a free-space electromagnetic wave cannot be confined to
a volume smaller than the Rayleigh resolution limit which is ≈ λ/(2n). This is also
the underpinnings for the diffraction limit of an optical microscope, since the wave is
not able to carry spatial information for scales less than ≈ λ/(2n). This limit can be
overcome, though, if one of the components of k is imaginary, since the other components
can then increase while still satisfying the equality k2 = k2x + k
2
y + k
2
z . This leads us
to the trade-off where if we want to get high spatial information, our waves need to
have an evanescent component. Since evanescent waves decay quickly, this means that
the information needs to be collected very close to the surface, since once the wave
propagates to the far-field that information is lost. By using various geometries, such
as the ones presented in this thesis, it is possible to tailor the use of evanescent waves
combined with propagating waves to read out the nanoscale information we want.
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2.2.1 Surface Plasmon Polaritons
At the interface between a metal and dielectric it is possible to form what is called
a surface plasmon polariton (SPP). A polariton is a quasi-particle resulting from the
coupling of an electromagnetic wave (here photon) and a electronic dipole (here a surface
plasmon). So an SPP is a combination of photons coupled to the electron oscillations
in a metal.53 Figure (2.1) shows a schematic of an SPP where the wave is evanescent
going into the dielectric (+z direction) as well as going into the metal (−z direction)
and propagates along the surface in the +x direction.
+ + +       – – –       + + +       – – –       + + +  
εd
εm
z
x
δd
δm
kspp
Figure 2.1: Surface plasmon polariton An SPP is an electromagnetic wave which
is bound to, and propagates along the interface of a metal and dielectric. The field
is evanescent in the +z and −z directions and the field penetrates into the metal and
dielectric with decay lengths of δm and δd.
Solving the wave equation for the boundary conditions of the metal and dielectric
and assuming the wave propagates in the x direction, the dispersion relation kx(ω) for
an SPP can be found to be:
kx(ω) = kspp(ω) =
ω
c
√
md
m + d
(2.24)
where m is the dielectric constant of the metal in d is the dielectric constant of the
surrounding medium. We now will restrict ourself slightly to cases where ω and d are
real. Also, after splitting m into its real and imaginary components m = 
′
m + 
′′
m,
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we restrict ourself to cases where |′m| > ′′m, ′m < 0, and |′m| > d. This allows us to
obtain a complex kspp = k
′
spp + ik
′′
spp where:
k′spp =
ω
c
(
′md
′m + d
)1/2
(2.25)
k′′spp =
ω
c
(
′md
′m + d
)3/2 ′′m
2(′m)2
. (2.26)
If we look at the imaginary component which is responsible for the dissipation of the
energy in the wave, mostly though ohmic damping, we can see that the wave intensity
decreases as e−2k
′′
sppx making the propagation length to be Lohmic = (2k
′′
spp)
−1. For λ =
514.5 nm at a silver/air interface Lohmic ≈ 22µm.53 The field also decays exponentially
normal to the surface as e−|kz,m||z| in the metal and e−|kz,d||z| in the dielectric, from
which we can get the depth at which the field falls to 1/e, often called the penetration
depth, in the dielectric and the metal to be:
1
δm
=
ω
c
√
−2m
m + d
(2.27)
1
δd
=
ω
c
√
−2d
m + d
(2.28)
which at λ = 600nm for a silver/air interface gives δd ≈ 390nm and δm ≈ 24nm.53 This
also clearly shows that the maximum energy is at the interface.
Examining the dispersion relationship in equation (2.24) we can see that it is different
from the dispersion of a normal beam propagating through air. This difference is shown
graphically in figure (2.2). For a beam of light to couple into an SPP both the energy
and momentum components must be the same. Since the “light-line” and SPP line
never cross in figure (2.2) it is not possible to couple free-space light directly into SPPs,
and something more complex needs to happen for an SPP to be generated. One possible
solution is to have a thin sheet of metal with air on one side and a higher dielectric
material on the other. This is often referred to as the Kreteshmann configuration. Since
the dispersion relationship in the higher dielectric material is different than in air [as
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depicted by the blue line in figure (2.2)], there is a place where light traveling in the
higher dielectric material matches the energy and momentum conditions of an SPP on
the metal-air interface. If the film is thin enough, the light meeting the conditions on
one side can generate SPPs on the other surface of the metal. A second way to get the
added momentum needed to generate an SPP from free-space light is with the use of a
grating. We know that when light is incident on a grating momentum along the plane
of the grating is added to some modes of the incident beam. If this added momentum
equals the momentum needed to generate the SPP [as shown by the purple line in
figure (2.2)] then both conditions are met and an SPP can be generated. The special
properties of SPPs make them useful in many applications. For example, since the wave
is evanescent in one direction it is possible to focus the energy of the beam down further
than would be possible with a propagating beam. Also, since the generation of plasmons
only occurs when certain conditions are met, it is possible to make a sensor which can
determine when parts of the system, such as the index of refraction of the dielectric are
varied.
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Figure 2.2: Dispersion relationship of surface plasmon polaritons The dispersion
relationship of three different waves are plotted; a plane wave in free-space, a plane wave
traveling through a dielectric medium with an index of refraction of n, and an SPP. To
couple from free-space light to an SPP both the momentum and energy conditions need
to be matched. One coupling method uses extra momentum imparted by a grating and
the equation is given.
Chapter 3
Ultrasmooth Patterned Metals
Formed via Template Stripping
The manipulation of light at the nano scale, mediated by plasmons, has been shown to
have many important applications. Many of these applications require metals to be pre-
cisely machined at the nano level. One of the great benefits of SPPs is that they are very
tightly confined to the surface of the metal. This confinement means that the SPPs are
very sensitive to small variations at the interface, which make them good as sensors, but
also means their supporting structures need to be carefully fabricated with nanometric
precision. On the surface this doesn’t seem like a problem, since nanofabrication tech-
niques developed largely by the semiconductor industry have progressed significantly
and have refined techniques for working at such scales, but the polycrystalline nature
of the metals which need to be used, gold and silver, cause problems.
These metals, when deposited, exhibit a roughness on the order of a few nanometers.
This roughness is enough to hinder the propagation of SPPs and quality of a LSPR.
Additionally, most applications for these devices require the metals to have patterns on
them. The most common methods of creating patterns, e-beam lithography and focused
ion beam lithography (FIB), are both serial techniques and don’t scale well to create
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large-area devices. Also, when using FIB milling, gallium ions are implanted into the
metal which reduces its ability to support plasmons.
In this chapter I present a method which was developed to overcome these challenges
and the work done to extend the method for use in various applications.
The following contains work that has been produced though a collaborative effort,
and is largely derived from the following publications:
1. Lindquist, N. C., Johnson, T. W., Norris, D. J., and Oh, S.-H. Monolithic inte-
gration of continuously tunable plasmonic nanostructures. Nano Letters 11, 3526
(2011).3
Contributions: In this paper I performed much of the fabrication and characteri-
zation. I also was involved in the FDTD simulations, interpreting the results, and
the writing of the final paper.
2. Olmon, R. L., Slovick, B., Johnson, T. W., Shelton, D., Oh, S.-H., Boreman, G.
D., and Raschke, M. B. Optical dielectric function of gold. Physical Review B 86,
235147 (2012).9
Contributions: For this paper I fabricated two of the three samples and performed
ellipsometry measurements on all three samples. I also gave input to the interpre-
tation of the results and had some input in the final paper.
3.1 Introduction to Template Stripping
To create the type of ultrasmooth metal films required for many advanced plasmonic
devices, a fabrication method which could produce these high quality films while still
being cost-effective was needed. One method which has been gaining popularity is called
template stripping. The idea of template stripping was first introduced by Hegner et al.
and consists of using an ultra-flat substrate, such as mica, as a mold for the metal to be
deposited on and then later removed.54 This method only produced flat films, but the
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method was extended by Nagpal et al. using patterned silicon as a mold.55 This allows
for patterns to be created in the ultrasmooth films. The use of silicon as the mold is
helpful for two reasons. First, the nobel metals we use have excellent wetting on and
poor adhesion to silicon. This combination allows for the metals to follow the contours
of the template almost perfectly, and still be easily stripped off. Second, a typical silicon
wafer is single-crystalline which allows for very smooth surfaces and also makes it easy
to pattern. Also, extensive research into the precise nanofabrication of silicon has been
done by the semiconductor industry. Using this method many different types of patterns
have been formed. An example of a template-stripped vs. non-template-stripped film
is shown in Figure (3.1) where the difference in roughness is clearly visible.
500 nm
Smooth, Template
Stripped Side
Rough, 
As-deposited Side
Figure 3.1: Template-stripped vs. As-deposited Au. An SEM of the two sides of a
200 nm thick Au film. The left side shows the template-stripped, ultrasmooth interface
which was in contact with the mold while the right side shows the as-deposited, rough
surface.
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3.2 Monolithic Integration of Continuously Tunable Plas-
monic Nanostructures
Here we extend the method of template stripping to integrate complex three-dimensional
shapes with precisely controlled geometries above, below, and through an optically thick
metallic film. Using a silicon template we are able to perform high-fidelity replication
and monolithic integration of bumps, grooves, and apertures. The template we create is
also reusable, enabling multiple copies of the metal film to be created and only requiring
a simple metal evaporation to make a new copy. We also show precise control over the
size of our features and are able to tune our groove depth and bump height down to the
1-2 nm length scale. Such fine control is essential, since even these small changes can
cause significant differences in the optical properties of the device.
3.2.1 Fabrication
The method used to fabricate these structures is shown in Figure (3.2). First, a single-
crystalline silicon wafer is patterned using a FIB to make a master template [Figure
(3.2a)]. Three types of features were integrated together, and each require a different
patterns in the template. To create a bump in the final product, a small groove in the
mold was patterned where the length of the mill determines the height of the final bump
and can be precisely controlled. To create a hole a similar process is used, but a much
deeper hole (≈ 300 nm) is milled. This allows for the material deposited at the bottom
of the mold to be disconnected from the rest of the film and left in the mold during
template stripping, creating the hole. Finally, to create a groove, ion-beam-induced
metal deposition56 was performed to selectively deposit small amounts of platinum on
the silicon surface to create a bump which will be replicated as a groove in the final
product. To protect the platinum from the metal later deposited on the mold, a thin 11
nm thick later of silica was deposited on the mold in an atomic layer deposition chamber
before metal deposition.
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After creation of the mold, a thin layer of metal was deposited on the template
through electron-beam induced evaporation [Figure (3.2b)]. For this step it is important
to use a deposition technique with directionality so that the holes are formed well. If a
conformal deposition technique (such as evaporation with a planetary fixture or some
sputtering methods) is used the metal at the bottom of the hole will not be disconnected
from the bulk of the film and thus a hole will not be formed. Next, we want to access
the ultrasmooth, pristine metal at the interface between the metal and the template.57
To do this a layer of UV curable epoxy is applied to the film [Figure (3.2c)], cured, and
then used to pull the film away from the template [Figure (3.2d)]. This produces the
ultrasmooth metal patterned with holes, grooves, and bumps.
Pattern
Mold
Deposit
Metal
Backing
Layer
Template Strip
smooth
rough
smooth
Reuse
Mold
a b
c d
Figure 3.2: Processing schematic. (a) The silicon mold is patterned with trenches,
grooves, and bumps. (b) Metal is deposited onto the mold and (c) an epoxy backing
layer is applied to the film. Finally, (d) the film is peeled away from the mold revealing
the ultrasmooth metallic surface patterned with holes, bumps, and grooves. Figure from
Lindquist et al.3
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3.2.2 Ramped Gratings
To exemplify the quality of the devices able to be produced, various test structures were
fabricated and characterized. The first example demonstrates the integration of convex
and concave structures along with the precision afforded by this method. A mold was
make using both FIB milling at the previously mentions ion-beam-induced deposition
to create a grating structure where the elements in the gratings are different heights, as
seen in Figure (3.3a). This template has both elements extending from and extending
into the surface of the mold. After template stripping there are bumps created from
the grooves in the mold and grooves created from the bumps on the mold, shown in
Figure (3.3b). Figures (3.3c-d) show that the produced structures are smooth and well
defined.
Gratings with a ramped height for both a bump structure [Figure (3.5a)] and groove
structure were fabricated and characterized through both SEM and atomic-force mi-
croscopy (AFM). The ramped bump grating has features which vary in height linearly
from 10 to 120 nm, with a periodicity of 520 nm while the bump width also varies from
210 nm to 270 nm. Similarly, the ramped groove grating has features which vary in
depth from 20 to 100 nm, with a periodicity of 530 nm while the groove width varies
from 180 to 290 nm. AFM scans of the gratings are shown in Figure (3.4) from which
the precise height differences can be seen exemplifying the level of control possible from
line to line of 1 – 2 nm.
To measure the plasmon generation efficiency of our gratings, we used an inverted
microscope (Nikon Eclipse) with a 5x 0.15 NA objective coupled to an imaging spec-
trometer (Newport MS257) with a cooled CCD camera (CoolSNAP HQ2) all controlled
with custom LabVIEWTM software. In this configuration we are able to measure the
spectral reflectivity as a function of the bump height [Figure (3.5b)] or groove depth
[Figure (3.5c)] in a single measurement. In these graphs the vertical axis represents
space while the horizontal axis represents wavelength. The measured data are taken
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1 µm
a
b
1 µm GroovesBumps
c
500 nm
d
500 nm
Figure 3.3: Template-stripped bumps and grooves. (a) SEM image of a silicon
template containing both grooves and bumps created by both milling into the surface
or depositing platinum with the FIB. (b) A cross-section of the template-stripped film
corresponding to the mold shown in (a). It can be seen that the grooves turn into
bumps and the bumps to grooves. (c) Zoomed images of the template-stripped silver
bumps and (d) grooves show smooth, well-defined features. Figure partially adapted
from Lindquist et al.3
with the incident polarization oriented perpendicular to the grating lines to generate
surface plasmons and normalized to the reflection when the light is polarized parallel
to the gratings lines. The sharp dip in the reflectivity and its movement as the bump
height or groove depth changes indicates that generation of plasmons is strong function
of bump height and groove depth. Our samples show that the minimum in reflectivity
occurred at a bump height of 60 nm and a groove depth of about 60 nm. The width
of the reflectivity dip for the bumps is 10 nm. Normally we would expect that as our
23
!"#$%&'()*'+!,'-%.//'/&-0.1/'
! " #! #" $! $"
!$!!
!#!!
!
#!!
$!!
%!&%'()*µ+,
-
!
&
%
'(
)*
.
+
,
)
)
/0&1)2314
! " #! #" $! $"
!#"!
!#!!
!"!
!
"!
#!!
#"!
%!&%'()*µ+,
-
!
&
%
'(
)*
.
+
,
)
)
/0+1)2345
673389)2345
a!
b!
Figure 3.4: AFM characterization of molds. (a) AFM scans of the fabricated silicon
mold used to create the ramped bump and groove grating. (b) AFM scan of the mold
for a ramped grating containing both bumps and grooves. From these scans the heights
of the bumps and depths of the grooves can be measured. Figure from Lindquist et al.3
grooves got deeper we would see a red shift. Here though, we see a minimal shift since
the width of the groove is also increasing which will blue shift the resonance. Figure
(3.5d) shows spectra for a single bump height and groove depth extracted from Figures
(3.5b-c). It is seen that for these devices the reflection minimum for a metallic bump
grating (537 nm) is to the blue of that for the groove grating (580 nm). These results
show good correlation to the reflectivity spectra simulated by finite-difference time-
domain (FDTD) simulations. Further simulations were performed on a ramped grating
and are shown in Figure (3.5e). Here we can see that there is a bump height which
is optimal for surface plasmon generation at this wavelength and the optical energy is
more strongly localized in one section of the grating. This control of optical energy
placement may be useful for various plasmonic applications such as photovoltaics,36
photon sorting,58 and trapped rainbows.59,60
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Figure 3.5: Measurements and simulations of ramped gratings. (a) SEM of a
ramped grating. (b) Reflection map for the bump and (c) groove grating. The vertical
axis represents different locations along the ramped gratings and the horizontal axis
represents spectra. The dark regions represent areas where surface plasmons are being
generated. (d) Cross-section spectra from the horizontal dashed lines in (b-c) showing
sharp reflectivity minimums. These results are compared with FDTD simulations. (e)
Field map plot of the time-averaged electric field around a ramped bump grating. It
can be seen that the plasmons are most efficiently generated for bump heights in the
middle, showing the optimal height for plasmon generation at this wavelength. Figure
from Lindquist et al.3
Gratings were also fabricated with bumps of a constant height to demonstrate the
high-quality of resonances possible with this method. Gratings where fabricated with
a period of 690 nm and bump heights of about 20 nm [Figure (3.6b)], 30 nm [Figure
(3.6c)], 40 nm [Figure (3.6d)], and 50 nm [Figure (3.6a)]. In each grating there were
50 bumps which were 20 µm long giving the grating a size of about 20 µm by 43 µm.
Reflection spectra were taken from each of the gratings and the results are show in
Figure (3.6a). It can be seen that the spectra are much sharper than the ones obtained
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from the ramped grating. This is because the measurements from the ramped grating
always contained many slightly varying heights, each height wanting to contribute a
slightly different spectra. The reflection spectra have a full-width half-max (FWHM)
line-width of about 2.2 nm for the bumps 20 nm tall and about 3.2 nm for the bumps
30 nm tall. These ultra-sharp resonances indicate that there is minimal damping within
the gratings fabricated by this method.
Figure 3.6: Constant height gratings. (a) Reflection spectra measured from gratings
fabricated with a constant bump height. The gratings all had a period of about 690 nm.
SEMs of the gratings are shown for the bump heights of (b) 20 nm, (c) 30 nm, (d) 40
nm, and (e) 50 nm. The reflection spectra from gratings with a bump height of 20 nm
and 30 nm had line-widths of 2.2 and 3.2 nm respectively. These ultra-sharp resonances
demonstrate the high-quality of these devices.
3.2.3 Fabrication of Integrated Structures
Another type of device we are able to template strip contains apertures decorated with
various plasmonic elements. The forming of apertures through a 30 nm thick Ag film55
has been shown previously, but here we use a 100 nm thick Ag film which is optically
opaque, making is suitable for plasmon-enhanced transmission experiments. To create
clean apertures it is important that the hole made in the mold is deeper than the thick-
ness of the deposited film and has vertical sidewalls, as shown in Figure (3.2a). To
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create vertical sidewalls with FIB milling, a 25 nm thick titanium layer was temporarily
added to the mold before milling and removed before the final metal deposition. Figures
(3.7a-b) show a checkerboard device creating an array of alternating bumps and aper-
tures. The optical transmission spectra of this array, a similar array with the bumps
and aperture exchanged, and an array of only bumps are shown in Figure (3.7c). From
these spectra it is clear that a bump can contribute to the excitation of SPPs to create
extraordinary optical transmission61 (EOT) through the metal film.
Bull’s eye structures are a common plasmonic element and contain a series of con-
centric rings which work together to generate plasmons and focus them to the center.62
Here we make a bull’s eye structure with an aperture added in the middle [Figures
(3.7d-e)]. This geometry combination generates plasmons with the bull’s eye structure
to focus the energy towards and through the aperture. It is useful to note that this en-
tire structure was made from a single mold and no additional milling was needed. This
allows for the features to be perfectly aligned, rather than trying to re-align between se-
quential patterning steps. The transmission spectra of this structure is in Figure (3.7f)
and is compared to the transmission from only a single aperture. It can be seen that
the addition of the concentric rings greatly enhance the transmission.
Another benefit of this method is that patterns on both sides of the metallic film can
be created which are perfectly aligned. Such alignment can be useful when structures
are wanted on both sides to help couple light both into the film on one side and back
in to free-space on the other side.62 This alignment is shown in Figure (3.8a) through
the cross-section of a grating. Also, a comparison can be seen between the template-
stripped, smooth side in Figure (3.8b), and the other, rough side in Figure (3.8c).
To characterize and engineer many devices, it is important to gain free access to
both sides of the metallic film. Here we show a method to enable template stripping in
situ with the use of a sharp tungsten needle micromanipulator and is demonstrated in
Figure (3.9). This method enables an engineer to use a series of copy, cut, move, rotate,
and paste functions to create the desired structure. Inside the FIB chamber a sharp
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Figure 3.7: Template stripping integrated structures. (a)-(b) SEM images of a
structure containing both bumps and apertures alternating along a 2-D grid replicated in
a 100 nm thick silver film. The difference in the final features is determined by the depth
of the FIB-milled features as shown in Figure (3.2). (c) The transmission spectra of the
structure shown in (a)-(b) matches with that of the opposite polarity structure (bumps
and apertures exchanged) as well as a structure with only holes. This indicates that
the bumps can generate the grating-coupled surface plasmons responsible for enhanced
optical transmission. (d-e) A bull’s eye structure fabricated with concentric rings around
a single aperture which (f) increases the transmission greatly when compared to an
isolated hole. Figure partially adapted from Lindquist et al.3
tungsten needle is welded onto our 300 nm thick silver film which is still on its silicon
template. The FIB-induced platinum deposition56 weld is strong enough to template
strip a 30 µm long strip [Figures (3.9a-c)] which can then be rotated, translated, imaged,
and set back down in situ. This method is similar to the preparation of transmission
electron microscope (TEM) samples, allowing a thin sample to be obtained, but doesn’t
require many of the laborious steps usually involved such as deep cuts, polishing, and
thinning. With this method TEM preparation which can often take many hours can
instead be completed in a fraction of the time.
This same method can be used to template strip patterned films such as those shown
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Figure 3.8: Cross-section of metallic gratings. (a) Cross-sectional SEM image of a
metallic grating exemplifying the alignment between the two sides of the film. (b) SEM
of the smooth side of a template-stripped film and (c) SEM of the rough side of the
film. Figure partially adapted from Lindquist et al.3
in Figures (3.9d-f). Once removed the films can be extensively manipulated with preci-
sion. This process offers tremendous flexibility in sample preparation, manipulation, and
characterization, allowing detailed inspection and precise three-dimensional placement
of smooth, patterned metallic films.
3.3 Optical dielectric function of gold
Using template stripping to create films changes the morphology of the metal, which in
turn changes the optical dielectric function of it. It has been shown that the dielectric
functions of silver can vary greatly depending on how it is deposited.63 There is also
a great disparity between the constants published in literature for both silver64,65 and
gold.64–69 Having accurate dielectric functions is important for successful nano-optical
device engineering. To better understand the effect of surface texture we measured
the dielectric function from three different samples and compared them to results from
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Figure 3.9: In situ template stripping. (a)-(c) Time-series SEM images demonstrat-
ing the removal of a 30 µm long strip of 300 nm thick silver inside a FIB chamber. Once
removed the strip can be relocated and placed back on the surface. (d) SEM image of a
grating being removed and (e) a close-up of film being removed. (f) A suspended metal-
lic film after removal indicating both the smooth and rough sides of the film. This film
can then be relocated or imaged and characterized further. Figure partially adapted
from Lindquist et al.3
literature.
The first sample measured was a single-crystal Au(111) disk (SC, thickness 1 mm,
diameter 10 mm, MaTecK GmbH), the second was a 200 nm thick Au film deposited on
a soda-lime glass substrate (EV), and the third was a 200 nm thick Au template-stripped
(TS) film deposited at the same time as the evaporated film, but template stripped from
a flat silicon mold. The evaporation was done in an electron-beam evaporator (CHA
Industries SEC600) with a base pressure of 2× 10−6 torr. A deposition rate of 0.1 A˚/s
was used for the first 25 nm and increased to 1 A˚/s for the rest. For the template-
stripped sample a drop of optical epoxy (Norland 61) was placed on the gold surface
after the evaporation. The epoxy was then cured under a UV lamp for 15 min. and
put on a hot plate at 50◦c for for 12 hr. The film was them peeled away from the mold
with no additional post-annealing performed.
The surface topography of the each of the three samples is shown Figure 3.10 and
measured by dynamic atomic force microscopy (AFM, Innova, Bruker). Each sample
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was rinsed with isopropanol and dried with N2 before being scanned. The measured
root mean square (rms) roughnesses are RRMS = 1.12 nm for the SC sample, 1.26 nm
for the EV sample, and 0.25 nm for the TS sample. The SC sample lacks crystal grain
boundaries, but still exhibits roughness from its polishing process. The grain size of the
EV and TS samples is similar at about 10 - 70 nm. This would be expected since they
were created in the same deposition and no additional annealing steps were performed.
It has previously been shown that the the grain size of a template-stripped film can be
increased without increasing the surface roughness though an annealing step while the
film is still on the silicon mold.55 While the grain size was similar between the EV and
TS samples, there was a significant reduction in roughness for the TS sample which
would be expected from the template stripping process.
5 nm/
divSC
EV
TS
100 nm
Figure 3.10: Topography of samples measured by an AFM. (a) Single-crystalline
gold (SC), (b) evaporated gold (EV), and (c) template-stripped gold (TS). The template-
stripped surface shows significantly less roughness when compared to the others. Figure
from Olmon et al.9
After the samples were prepared, their dielectric functions were measured via spec-
troscopic ellipsometry. Ellipsometry measures the complex reflection ratio (ρ) which is
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determined from the complex reflection coefficients for the s- (rs) and p- (rp) polariza-
tions of light incident on the surfaces at an oblique angle θi which is generally picked
to be close the the Brewster angle to maximize their difference. The value of ρ can also
be written in terms of the amplitude ratio (tanψ) and phase difference (∆ = φp − φs)
of the two complex reflection coefficients giving the equation:
ρ =
φp
φs
= (tanψ)ei∆. (3.1)
These values can then be used to determine the values of n and k of the system at
each wavelength investigated.70
Measurements were performed on two variable angle spectroscopic ellipsometers
(VASE and IR-VASE, J. A. Woollam) with a rotating analyzer in the visible and a
rotating compensator in the IR. The measurements were made at three angles of inci-
dence, θi = 65
◦, 70◦, and 80◦ over a range of 300 nm – 2 µm in the visible and 1.25 µm
– 25 µm in the IR. The overlapping region was used to check the consistency between
machines and showed good agreement. The data were also checked through taking mea-
surements in the visible regime using instruments from two different laboratories. They
showed a standard deviation of less than 0.18 and 0.15 for 1 and 2 over the visible
range.
Figure (3.11) shows the real (1) and imaginary (2) parts of the measured dielectric
functions in the visible range of the evaporated, template-stripped, and evaporated
samples. Also shown for comparison are data obtained from literature. Data from
Johnson and Christy,64 The´ye,66 Schulz,68,69 Weaver,67 and Blanchard et al.71 are
plotted as symbols. Data from the IR range can be see in the original publication.9
In the visible spectral range shown in Figure (3.11), it can be seen that our measured
dielectric function data falls within the range of measurements from literature. The three
samples we choose to measure show slight variations due to their significantly different
topographies, but don’t show the large variations shown in some of the other measured
dielectric functions from literature. The large apparent variations in the different values
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Figure 3.11: Measured dielectric functions of gold. The measured (a) negative
real part (–1), and (b) imaginary part (2) of the dielectric function in the visible range
from the evaporated (EV), template-stripped (TS), and single-crystal (SC) samples.
Various other dielectric functions found in literature are also plotted including date
from Johnson and Christy,64 The´ye,66 Schulz,68,69 Weaver,67 and Blanchard et al.71 for
comparison. Figure adapted from Olmon et al.9
reported in literature have previously been thought to be due to sample morphology
and preparation. Our investigation, though, shows these to have minimal effect and it is
more likely that the variations are due to systematic errors and too coarse assumptions
underlying some of the more indirect procedures applied which led to the deduction of
incorrect dielectric functions. Here, though, we also show that the dielectric function
can be slightly effected by attributes such as sample morphology and that if precise
values need to be know, they should be measured on-demand.
Chapter 4
Nanofocusing
In Chapter 3 we saw that metal nanostructures enable the control of light at the
nanoscale. This control gives the ability to squeeze optical energy down to volumes
much smaller than what can be done through conventional optics due to the diffraction
limit and is called nanofocusing.21,72,73 Nanofocusing can create very high local field
enhancements which many applications can benefit from such as super-resolution opti-
cal microscopy,74 surface-enhanced spectroscopy,25,75 optical trapping,76–79 non-linear
optics,80–83 and heat-assisted magnetic recording.39,84,85 There have been many theo-
retical investigations into a variety of geometries for efficient nanofocusing86–88 and ex-
perimentally demonstrated for geometries such as sharp metallic tips,73,89,90 wedges,72
and nanogaps.12,91–94
One of the most useful of these structures is the sharp metallic tip since they can
be easily integrated into scanning probe systems and used for nanoscale imaging and
spectroscopy.8,74,95 There have been many types of metallic tips used for nanofocus-
ing created through an array of methods such as electrochemical etching,80,96 coating
of optical fibers,80,97 attaching metallic nanoparticles to optical fibers,98–101 and FIB
milling.89,102
Each of these methods have their own benefits and difficulties. The major problems
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are the low yield and unreadability of methods such as electrochemical etching and coat-
ing of optical fibers and the extensive effort needed for attaching metallic nanoparticles
to optical fibers and FIB milling. This chapter describes two different nanofocusing
schemes which make use of the template stripping method described in Chapter 3.
Both methods start with smooth pyramidal molds created through anisotropic KOH
etching, a method previously demonstrated,55 but refined here significantly. Starting
from the base mold, the first method makes use of placing the mold at an angle during
metal deposition to create an asymmetry between two facets of the pyramid. This al-
lows for efficient coupling of free-space light incident below the pyramid to plasmons on
the top side which propagate to the tip. Using this a 100-fold increase in Raman signal
is seen. The second method makes use of FIB milling after metal deposition, but prior
to removal from the mold, to create a C-shaped aperture around the tip of the pyramid.
This aperture allows for light to couple from the backside to the topside of the pyramid
and focus light at the tip. The intensity enhancement at the tip using this method is
estimated from FDTD simulations to be >500x. These new methods for nanofocusing
show high quality results while maintaining a high yield and ease of fabrication and will
enable more exploration in the field.
The following contains work that has been produced though a collaborative effort,
and is largely derived from the following publications:
1. Cherukulappurath, S., Johnson, T. W., Lindquist, N. C., & Oh, S.-H. Template-
stripped asymmetric metallic pyramids for tunable plasmonic nanofocusing. Nano
Letters 13, 5635-5641 (2013).17
Contributions: For this paper I conceptualized the idea and developed the entire
process. I also performed all of the SEM imaging along with some of the optical
characterization. I also performed all of the FDTD simulations, interpreted the
results, and helped write the paper.
2. Lindquist, N. C., Johnson, T. W., Nagpal, P., Norris, D. J., & Oh, S.-H. Plasmonic
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nanofocusing with a metallic pyramid and an integrated C-shaped aperture. Sci-
entic Reports 3, 1857 (2013).10
Contributions: For this paper I was involved in the conceptual design and per-
formed part of the process development and fabrication. I also performed all SEM
characterization and helped with the optical characterization. I was involved in
interpreting the results and the writing of the paper.
3. Lindquist, N.C., Jose, J., Cherukulappurath, S., Chen, X., Johnson, T. W., & Oh,
S.-H. Tip-based plasmonics: squeezing light with metallic nanoprobes. Laser &
Photonics Reviews 7, 453-477 (2013).14
Contributions: For this paper I was involved in some of the writing (all of the
HAMR section, plus parts of others) and helped with the final editing.
4.1 Theoretical Background
4.1.1 MIM Plasmons
Nanoscale metallic tips all exhibit local field enhancement due to an electrostatic optical
“lightning rod” effect, but plasmonic nanofocusing harness the power of the collective
oscillations of electrons to enhance the field even further. In Chapter 2 the surface
plasmon polariton (SPP) at a single interface was introduced. The equation for single
interface SPP is given in Equation (2.24) along with its skin depth into the metal
[Equation (2.27)] and dielectric [Equation (2.28)]. These waves are confined in one
dimension, perpendicular to the surface of the metal. It is also possible to squeeze SPPs
down to subwavelength regions in two or three dimensions by letting them propagate
along structured metal surfaces such as sharp tips86,87 or to narrow gaps.12,91–94 When
two SPPs are traveling along opposite sides of a sufficiently thin metal slab surrounded
by a dielectric it creates a insulator-metal-insulator (IMI) slab.
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When an SPP is propagating along an IMI slab it can have an electric field distribu-
tion with either an even or odd symmetry as seen in Figure (4.1). These correspond to
when the SPPs on the top and bottom interfaces are in phase (odd-field mode) or out of
phase (even-field mode). When the thickness a of the metal film is decreased to below
the penetration depth δm into the metal the plasmons on the top and bottom surfaces
will couple and create a single IMI plasmon. As the thickness of the metal decreases
to nothing, the behavior of the odd- and even-field modes are quite different. The
even-field mode transforms and becomes increasingly similar to free-space light. This
means that in a very thin film the field will mostly be contained within the dielectric
and can travel for long distances with minimal loss. Due to this property the even-field
mode is often called a long-range SPP. The lack of significant losses is desirable, but
the trade-off is that the mode does not allow for extreme light localization. For extreme
light localization the odd-field mode is used. The dispersion relationship for the odd
mode IMI SPP for kspp is given by:
53,103
tanh
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2δm
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m(ω) δm
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1
δd
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1
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(ω
c
)2 − k2spp (4.3)
where a is the film thickness, δm and δd are the SPP field penetration depths into
the metal and dielectric, and m(ω) and d are the dielectric functions of the metal
and dielectric. In this mode when a is decreased there is an increase in kspp, and the
light gets more tightly confined within the metal. A similar result can be obtain with
cylindrically-symmetric geometries.104 This is the mode which can be used for extreme
light confinement, because even though there will be significant losses, the field can be
squeezed into a tiny volume.
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Figure 4.1: Insulator-metal-insulator (IMI) plasmonic waveguides with an (a)
even and (b) odd field mode distribution. As the slab thickness a decreases to near the
field penetration depth the plasmons on each metal-dielectric interface couple together
to form a single IMI plasmon.
4.1.2 Plasmonic Nanofocusing
In order to obtain high electric fields around sharp metallic tips, they can be illuminated
through a variety of methods. As can be seen in Figure (4.2), the even-field mode
at the end of a metallic tip resembles free-space light and has minimal confinement,
while the odd-field mode excites a localized resonance at the tip. Since the odd-mode
IMI plasmon is desired at the tip, simple linearly polarized light head-on will not be
sufficient since it will excite the wrong (even) mode. At the apex of the tip with the
odd-mode IMI plasmon the electric field is oriented along the tip axis. It is possible to
directly excite this mode though head-on illumination using a tightly focused radially-
polarized beam of light,8 with linearly polarized light at a large tilt angle,105 or with
the edges of a tightly focused Gaussian beam.80 The proper illumination can generate
a localized surface plasmon resonance (LSPR) at the tip. The exact spectra response
of the LSPR depends on the tip geometry and materials. For a sharp metallic tip, high
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field enhancement occurs through the excitement of the LSPR, but also thought the
non-resonant electrostatic “lightning-rod” effect.
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Figure 4.2: Nanofocusing at a tip. (a) SPPs traveling towards a metallic tip with an
off field mode generate a high intensity spot at the tip while (b) SPPs traveling with an
even field mode don’t nanofocus since their mode matches that of free-space light.
While it is possible to directly excite the LSPR resonance at the tip, the optics
required make it difficult in many situations. Another solution is to use diffraction
limited optics to generate SPPs which then propagate towards the tip. As the SPPs
propagate towards the tip and the thickness decreases the energy can be converted
into the non-propagating LSPR at the apex.86,87,106 This creates a significant increase
in field intensity and a squeezing of the SPP wavelength at the tip. This transfer of
energy from the IMI plasmon to the tip can occur through either adiabatic or non-
adiabatic nanofocusing. For the adiabatic case, the tapering of the thickness of the
waveguide is slow compared to the wavelength of the SPP. This method will minimize
back-reflections since the mode is allowed to slowly be transformed.86,87,107 This slow
change comes at a price though. As the field gets more tightly confined within the metal,
the dissipation also increases. If the taper angle is small to allow adiabatic change, the
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length of the taper will become long, and the total dissipation of the SPP will increase.
For the non-adiabatic case a relatively large angle is used to focus the light. Here the
distance the SPP needs to travel will be shortened which will minimize losses, but also
significant back-reflections may result, which will decrease the overall efficiency of the
SPP conversion. By considering these competing mechanisms, an optimal taper may be
possible for a specific design.107 Other considerations may need to be taken into account
also though such as how large tip angles have been shown in increase the backwards-
radiation efficiency of a tip by increasing the radiative decay rate of an emitter close to
the tip which lead to large fluorescence enhancements.8
There have been a variety of methods people have used to excite plasmons on a tip to
nanofocus light. Previously mentioned are methods which only varying the illumination
and include using a radially-polarized beam, illuminating at an angle, and using the edge
of a Gaussian beam. Other methods use modifications to the tip itself such as using
an electrochemically-etched tip with an integrated FIB milled grating. This grating
can couple the free-space light into SPPs which can then travel towards the tip and
focus.89,108 It has also been shown that the use of asymmetric tips109 or asymmetrically-
patterned pyramids110 can efficiently focus light. These methods are only a start though,
and there and many different possibilities for creative advancement of the field.
4.2 Template-Stripped Asymmetric Metallic Pyramids
There are many different methods for nanofocusing light, as discussed perviously, but
many require specialized illumination methods. Here a method is presented which
transfers complexity from the illumination to the tip itself, allowing excitation with
simple, linearly polarized light. This means that while the tips require more care in
their fabrication, their use can be greatly simplified. The need for added complexity
can be solved by adding asymmetry into the system. Symmetry breaking has been
studied for a variety of different plasmonic structures,111–113 but many methods require
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either advanced lithography steps or individual, tip-by-tip fabrication, both of which are
unpractical for high-throughput fabrication. To maximize usefulness, it is also desirable
to minimize the background signal around the nanofocusing tip to increase the near-field
contrast. The scheme presented here solves both of these problems with use of internally
illuminated asymmetrically patterned pyramidal shells (i.e. the excitation occurs from
inside the pyramid while the ‘hot-spot’ is generated on the outside). The asymmetry
is introduced by making one facet of a pyramid optically thin and the opposing facet
optically thick. When illuminated from below with linearly polarized light, plasmons
are generated on the thin side and then propagate on the outside towards the tip. On
the thick side, however, no optical energy can make it though the film and any resonance
is eliminated. Using internal illumination, there is a significant reduction in background
light levels since the samples are not directly illuminated. Using this geometry, 3D
FDTD simulations show that at the apex of the pyramid light with a wavelength of 785
nm can be squeezed into a spot with a volume of λ3 / 1,000,000. This nanofocusing
is then explored experimentally though far-field optical measurements of the scattered
light and angle-dependent spectral measurements of the reradiated light. Finally, the
nanofocusing is confirmed through Raman spectra and second harmonic generating
(SHG) images.
4.2.1 Method
An important feature of these pyramids is their ability to perform with internal illu-
mination. The internal illumination scheme is shown in Figure (4.3a). Here light is
incident onto the large opening of the pyramidal shell, through it’s supporting layer,
and converted into plasmons on the outside which propagate towards the apex. In order
for this method to nanofocus efficiently using linearly polarized incident light at normal
incidence, we break the symmetry in the thickness of the metal on opposing facets of
the pyramid so that surface plasmons are only launched on one facet of the pyramid.
To fabricate these pyramids, template stripping was used since it allows for the mass
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fabrication of pyramids with ultra-smooth facets and sharp apexes.8,55,114
The fabrication process is shown in Figures (4.3b-e), and starts with fabrication of
the mold. Crystal-orientation-dependent anisotropic etching of a silcon wafer was done
in a 30% potassium hydroxide (KOH) and 10% isopropanol (IPA) solution at 80◦C.
This process exposes the {111} planes and creates square-base pyramidal pits with an
opening angle of 70.52◦. Next, metal was evaporated onto the mold. To create the
asymmetry needed in the facets of the pyramid, the mold was placed at a fixed angle
with respect to the silver source during a single-deposition step. A similar method has
been used to create bowtie nanostructures.115 Here, an angle of 15◦ was used with a
nominal deposition thickness of 120 nm which yields facets with 35 nm and 110 nm
thick silver when measured normal to the face. The metal was then template-stripped
from the mold using a UV-curable optical-quality epoxy (Norland Products, NOA 61)
and a glass microscope slide to produce upright silver pyramids.
Figure 4.3: Asymmetric pyramid fabrication. (a) Schematic of the internal illumi-
nation nanofocusing scheme. Linearly polarized light is incident from below through a
high-index dielectric (refractive index: 1.56) and plasmons are generated at the silver-
air interface on the outside of the thinner facet of pyramid. Schematic of the fabrication
scheme: (b) inverted pyramids are etched in the silicon mold through anisotropic etch-
ing. (c) Metal is deposited at an angle to create the asymmetry. (d) Optical epoxy is
placed on the metal film and used to (e) template strip the pyramids. Figure adapted
from Cherukulappurath et al.17
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The internal asymmetry of the pyramid introduced here allows for Kretschmann-
like coupling of plasmons from the inside to outside of the structure. The smooth
facets created by template stripping allow the plasmons to propagate up the face of
the pyramid with minimal losses. Finally, the sharp and well-defined tip creates a
well-defined hotspot at the apex of the pyramid. A similar method has previously
demonstrated by Garoli et al. where nanofocusing was obtained on wedges using a
phase-shifting layer at the base.116 This method requires precise alignment of the phase-
shifting layer, though, and the hotspot is only generated at a single, arbitrary point along
the wedge where the phase shifting layer and base of the pyramid happen to be aligned
correctly. This would make it difficult to implement in most practical application such
as NSOM and optical trapping where well-defined nanofocusing regions are desired.
The method presented here allows for simple wafer-scale fabrication of large arrays of
pyramids with well-defined hotspots. A wafer full of asymmetric pyramids is shown in
Figure (4.4a) and Figure (4.4b) shows an SEM image of an array of template-stripped
pyramids. To confirm the asymmetric deposition of metal, a cross-section of a single
pyramid was created by FIB milling and the resulting SEM image is shown in Figure
(4.4c) which displays the asymmetry.
To better understand the nanofocusing mechanisms in this system, FDTD simula-
tions (FullWAVE, RSoft Inc.) were performed of the asymmetric pyramid structure.
To reduce computational power and memory needed, only the top 1.5 µm of the pyra-
mid where the nanofocusing occurs was simulated. The pyramid was illuminated with
a square waveguide mode at the bottom of the computational area. The dispersion
relationship of the dielectric function of the silver was taken into account with a Drude-
Lorentz model fit to values measured experimentally via ellipsometry. The tip of the
pyramid was was rounded to a 6 nm radius which is obtainable through template strip-
ping. Figure (4.5) shows electric field maps for two different geometries of pyramids
illuminated with light at 785 nm. The symmetric case is shown in Figures (4.5e-f) and
shows plasmons generated on both facets and then destructively interfering at the tip,
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Figure 4.4: Wafer-scale fabrication of asymmetric pyramids (a) Photograph of
a wafer full of asymmetric pyramids. (b) SEM image of an array of template-stripped
silver pyramids with base widths of 20 µm. Over 1 million pyramids can be fabricated
on a single wafer in parallel. (c) Cross-sectional SEM image of an asymmetric pyramid.
The different in metal thickness between the two facets can be clearly seen. The porous
structure of the epoxy seen here is due to melting of the epoxy during the FIB cross-
sectioning. Figure from Cherukulappurath et al.17
thus not creating a nanofocused spot. In contrast, the asymmetric case shown in Fig-
ures (4.5a-d) only has surface plasmons on the thin facet and a strong local field at the
tip is obtained. Figure (4.5) shows the electric field components in the (a) longitudinal
(along the z- or tip axis) and (b) horizontal (along the x-axis) directions. A closer look
around the tip corresponding to (a-b) can be see in Figures (4.5c-d). The out-of-phase
plasmons causing the destructive interference for the symmetric case can be seen in
Figures (4.5e-f) as the opposite polarity of the electric field on the two facets near the
tip.
The coupling mechanism of free-space light to SPPs for asymmetric pyramids can be
initially understood as similar to prism coupling on planar films, but the exact coupling
mechanism is more complicated. The involvements of waveguide modes and reflections
from the internal facets of the pyramid along with the presence of edge modes create
many complicated interactions. This geometry is similar to the ones used by Bouhelier
et al. for coated fibers80 and Tanaka et al. for tetrahedral tips.117 When the phase of the
dielectric waveguide mode matches that of the SPPs, the SPPs can be directly excited in
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Figure 4.5: Three-dimensional FDTD simulations Pyramids are illuminated from
below with lineally polarized light at 785 nm and the resulting electric field maps are
plotted. (a) Asymmetric pyramids allow for plasmons to travel on only one side towards
apex, and create a strong plasmonic field at the tip. The longitudinal (along the z-axis)
field is plotted. (b) Electric field in the horizontal direction corresponding to the same
condition as in (a). (c,d) Close up view near the tip of (a,b). The field enhancement
around the tip in (c) is around 8. (e) Symmetric pyramids allow for plasmons to travel
on both sides towards the apex. Since the lineally polarized incident light generate
plasmons out of phase on the two sides, no field enhancement is seen around the tip.
Electric fields along the longitudinal (z-axis) direction are shown in (e) and along the
horizontal (x-axis) direction in (f). The images are saturated for clarity. Figure adapted
from Cherukulappurath et al.17
a manner similar to Kretschmann coupling. It is also possible to get significant coupling
through edge-modes as proposed by Tanaka et al.117 For this structure it is believed
this is a secondary effect though since FDTD simulations show waveguide coupling as
the primary mechanism. The calculated field intensity at the apex of the asymmetric
pyramid is over 60x when normalized to the incident field , which can yield thousand-
fold enhancements for processes which depend on I2 such as Raman and SHG. The field
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is confined to a spot size of 12 nm (1/e of the maximum intensity) in the longitudinal
direction for a tip radius of 6 nm which corresponds to a volume of λ3 / 1,000,000.
4.2.2 Results and Discussion
Initial experiments were performed by internally illuminating the template-stripped
pyramids with white light through a 50x objective (N.A. = 0.55). Since illumination
was performed though a microscope objective, light will be incident from many angles.
Some of the angles will efficiently couple into plasmons on the air-silver interface and
create the nanofocusing. Light scattering from the tip into the far-field was collected
though a 100x objective (N.A. = 0.9) and imaged onto a color charge-coupled device
(CCD) (Thorlabs DCU224c). This fabrication scheme creates one thin facet and one
thick facet opposite each other with the remaining two facets of equal thickness. CCD
images of the light scattered by the tip are shown in Figures (4.6a-b) for (a) light
polarized normal to the facets of different thicknesses and (b) light polarized normal to
the facets of similar thickness. The amount of scattered light diminishes significantly
for the case of similar thicknesses, implying that the scattered light from the tip is due
to the asymmetric thickness of metal. The weakly scattered light from the tip in the
case of the symmetric thickness could be due to any slight asymmetry in the excitation
angles or a tilt in the sample or beam.
Next, measurements were taken with the same illumination and collection scheme
as before, but this time using a laser at 785 nm for the source. Images of the pyramid
are shown in Figures (4.6c-d) with the collection objective focused at the pyramid’s (c)
base and (d) tip. A bright spot is visible only at the tip, indicating that the generated
plasmons travel along the facets towards the tip as expected from simulations. The out-
put power of the scattered light from the tip was approximately 100 µW for an incident
power of 10 mW at the illumination objective. This gives a total efficiency of coupling
to SPPs and scattering from the tip to be around 1% for most tips. This efficiency
is larger than most aperture probes and comparable to recent approaches to increase
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transmission such as aperture probes leveraging extraordinary optical transmission.118
Since this scheme exhibits low propagation losses due to the template stripped metal
and reduced background signals due to the internal illumination, it should find many
applications in near-field studies of single-molecule florescence and Raman scattering.
Since the process can be done in parallel over a large array, it is simple to illuminate
many asymmetric pyramids at once and obtain an array of hotspots. One such array is
show in Figure (4.6f) where an array of 1 µm pyramids [SEM image shown in Figure
(4.6e)] are all illuminated simultaneously. This array could be useful for applications
such as NSOM, SERS, and optical trapping.
The coupling mechanism used here is Kretschmann-like and depends on the correct
mode-coupling between the incident light and the SPP on the outside of the pyramid.
What results is a sensitivity to the angle to illumination. Small changes in the angle
can shift the wavelength of the light scattered from the tip. To demonstrate this the
sample was illuminated internally by an adjustable condenser on an inverted microscope
(Nikon Eclipse). The light was collected with the same 0.9 N.A. 100x air-objective as
before. The field and condenser diaphragms of the microscope were adjusted so that
the pyramid was illuminated by a mostly-collimated beam of white light. The position
of the condenser was then slightly translated to vary the incidence angle on the pyra-
mid. At different angles, spectra of the light scattered by the tip varied. Images from
three different angles are shown in Figures (4.7a-c) displaying a green, orange, and red
color. The spectra from three different incidence angles are shown in Figures (4.7d-f)
and were taken with a deep-cooled CCD camera (Princeton Pixis 400) and an imag-
ing spectrometer (Newport MS-257i). In this configuration it was difficult to measure
the exact incidence angle, but adjustments showed a clear dependence on angle. To
better understand the dependence of angle on SPP coupling, two-dimensional finite ele-
ment method (FEM) simulations were performed on asymmetric wedge structures using
COMSOL Multiphysics software. Here FEM was used rather than FDTD since it can
better handle changes in the angle of illumination. The dependence of the wavelength
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Figure 4.6: Optical measurements of light scattered from pyramidal tips. Mi-
croscope images of an asymmetric pyramid internally illuminated with a white light
source. The position of the pyramids is represented by the white dashed lines. The
polarization is normal to the asymmetric facets in (a) and to the symmetric facets in
(b). Pyramids illuminated with a 785 laser are shown when (c) the base was in focus
and (d) the tip was in focus. The light travels along the facets and scatters from the tip.
The scale bars in (a-d) represent 5 µm. An array of template-stripped pyramids with 1
µm base widths are shown through (e) an SEM image and (f) light scattering from the
tips while internally illuminated with white light. The array of hotspots demonstrate
the parallel ability of this method. Figure adapted from Cherukulappurath et al.17
of light at the tip to incidence angle is shown in Figure (4.8a). The white dashed line
represents the coupling wavelength from analytical Kretschmann coupling calculations
for an infinite planar film and the close match indicates that the coupling mechanism
for this wedge structure is primarily Kretschmann-like. Field intensity plots of an asym-
metric wedge illuminated with 785 nm light at normal incidence and incidence tilted by
10◦ are displayed in Figures (4.8b,c). At the angle with the correct coupling, SPPs are
excited along the facet and propagate towards the apex.
48
Figure 4.7: Angle-dependent spectral tuning of light at the pyramidal tips.
Microscope images using a color CCD show that as the angle of the incident light is
changed, the color scattered from the tip also changes from (a) green to (b) orange to
(c) red. The corresponding spectra measured with an imaging spectrometer are shown
in (d-f). Figure adapted from Cherukulappurath et al.17
The confined, high local field created by these asymmetric pyramids make them
useful for a variety of enhanced spectroscopic processes such as SERS and SHG. To
demonstrate the SERS capabilities, the silver pyramids were coated with a monolayer
of benzenethiol and the Raman spectra scattered from the tip was collected. The pyra-
mids were illuminated with a 785 nm laser diode though a 50x objective and the Raman
signal was collected with a 100x objective and sent to a fiber-optic Raman spectrometer
(Ocean Optics QE 65000) tuned for 785 nm though a multimode fiber. The efficiency
of the internal illumination method was compared to both external illumination and
illumination of a flat silver film. The geometry for internal illumination is illustrated
in Figure (4.9a) and for external illumination in Figure (4.9b). The Raman spectra
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Figure 4.8: 2D FEM simulations of an asymmetric wedge. The angle of incident
light is varied. (a) Comparison of incidence angle to spectral response of light at the
tip. The white dashed line corresponds to the analytical Kretschmann-coupling solution
and matches well with the FEM simulations. Field intensity plots for a wedge under
785 nm (b) normal illumination show minimal focusing at the tip while (c) illumination
at a 10◦ tilt shows significant focusing at the tip. This demonstrates the strong angular
dependence of the SPP coupling. Figure adapted from Cherukulappurath et al.17
obtained from the internal illumination scheme is compared to the spectra from illumi-
nation of flat silver with similar conditions in Figure (4.9c). The Raman signature of
benzenethiol can be seen with peaks at 1000, 1024, and 1075 cm−1 clearly for the inter-
nal illumination, but only a weak signal was measured from the flat silver as expected.
A 100-fold increase in Raman scattering signal was measured for the tip compared to
flat silver which follows the trend seen in FDTD. The spectra resulting from internal and
external illumination are compared in Figure (4.9d). The internal illumination shows a
stronger signal since the linearly polarized light doesn’t efficiently excite plasmons on
the outside of the smooth template-stripped pyramids.
Second harmonic generation (SHG) was also demonstrated on these asymmetric
pyramids. A Nikon multiphoton microscope (A1 RMP+) was used for measurements
with the pyramids illuminated by a femtosecond laser pulsed at a center wavelength of
800 nm though a 40x 0.5 N.A. objective. The light emitted from the tip was collected in
transmission mode using the condenser on the microscope. The excitation was filtered
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from the signal and the SHG signal was measured with a photomultiplier tube. A
quadratic power dependence was observed which confirms that the signal is of second
order. The incident light was polarized normal to the asymmetric facets and care was
taken to use a power low enough to not damage the tip. The SHG image obtained
from 4 pyramids is shown in Figure (4.9e) and each pyramid shows a bright spot which
represents high local field intensities. An SHG image from a single pyramid is shown in
Figure (4.9f). These show that the most efficient coupling occurs when the backside of
the tip is illuminated.
Figure 4.9: Raman and scanning confocal SHG imaging. Schematic of the (a)
internal and (b) external illumination schemes. (c) Pyramids were coated with a mono-
layer of benzenethiol and the Raman signal scattered from the tip was collected with a
100x 0.9 N.A. objective. The Raman peaks for the internal illumination case are clearly
visible and show much greater intensity than the signal obtained from an area of flat
silver. (d) Comparison of the Raman signal collected from internal versus external illu-
mination schemes. The Raman signal is stronger for the internal illumination scheme
and also will have much less background. (e) SHG image from a scan a 4 different
asymmetric pyramids. The bright spots show the 4 tips which generate SHG signals.
Scale bar is 10 µm. (f) SHG image from a signal asymmetric pyramid with internal
illumination. Scale bar is 5µm. Figure adapted from Cherukulappurath et al.17
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4.2.3 Conclusion
These experimental and simulation results show that high field enhancements with a low
background signal are easily obtainable for asymmetric pyramids illuminated internally.
Through breaking the internal symmetry of the pyramids, SPPs can be launched on
only one side of the pyramid which allows for nanofocusing with linearly polarized light
at normal illumination. The method can easily create thousands of pyramids in parallel
which can either be used individually or in an array. These structures are well suited
for TERS and single-molecule florescence imaging with illumination through an optical
fiber and will give a very high near-field contrast due to the very small background
signal. While in an array these pyramids can be useful for applications such as optical
trapping and plasmonic sensing, as well as high-throughput imaging applications.
4.3 Plasmonic nanofocusing with a metallic pyramid and
an integrated C-shaped aperture
One possible scheme for nanofocusing with pyramids using internal illumination was
presented previously, and in this section an alternate method is described. The many
possible applications for nanofocusing with metallic tips mean that a variety of schemes
can allow for the optimal geometry to be used for each application. As discussed before,
efficient plasmonic nanofocusing at the tips of metallic pyramids requires precise control
over the design and fabrication of the pyramids. Since SPPs are lossy, it is beneficial to
allow the light to propagate though a low-loss dielectric material for as long as possible,
so as to minimize the distance the more-lossy SPPs need to propagate. Often metallic
tips for nanofocusing are patterned with FIB milling, but the surface-roughness of the as-
deposited metals generally used as a base layer can be detrimental to the nanofocusing.
Template stripping can solve this roughness problem and is once again used for this
nanofocusing method. This method also once again uses internal illumination due to the
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flexibility it gives with respect to probing geometries and also the reduced background.
While internal illumination has been well established through the use of aperture NSOM
tips,119 the spatial resolution is determined by the size of the aperture. Small apertures
are used, but the optical throughput decreases significantly for apertures <100 nm and
the skin depth of real metals effectively increase the size of the aperture. One attempt
to overcome these problems uses a tip-on-aperture design which uses a small hole to
illuminate a protruding metallic tip.120 Other hybrid designs have also been considered
such as coaxial tips121 and MIM waveguides.93
This method combines template stripping with precision FIB milling to create highly
efficient devices. The important features provided by the template-stripped pyramids of
the smooth interfaces and sharp tips are preserved and integrated with a C-shaped aper-
ture which delivers light to the tip. Previous studies have shown that varying the shape
of a subwavelength aperture can significantly change its transmission properties.122,123
This design creates a tip-on-aperture device102,120 with a high-transmission C-shaped
aperture.124,125 The asymmetry of the C-shaped aperture can efficiently transmit lin-
early polarized light and deliver it to the still-intact, sharp tip.
4.3.1 Method
Template stripping is once again used as the foundation for this fabrication scheme. The
mold fabrication is the same process used in the previous section involving anisotropic
etching of silicon with KOH [Figure (4.10a)]. The next step is to deposit a 200 nm
thick layer of silver onto the mold, without the angular component used in the previous
section [Figure (4.10b)]. While the film is still in the mold, FIB milling is performed to
define patterns and holes in the film [Figure (4.10c)]. Milling at this time is beneficial
since any implanted ions or FIB induced roughness on the inside of the pyramid is
not critical and FIB milling through the backside of a metallic film has been shown to
produce high quality cuts with less unwanted edge rounding of the aperture.126 After
defining the aperture, optical epoxy is used to attach a supporting glass microscope
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slide to the pyramids [Figure (4.10d)] and the pyramids are template stripped from the
mold [Figure (4.10e)]. The resulting structure is shown in Figure (4.10f) and contains
an aperture surrounding the sharp tip and smooth, template-stripped surfaces, all of
which were untouched by the FIB beam.
Figure 4.10: C-shaped aperture pyramid fabrication process. (a) A mold is made
though anisotropic etching of silicon with KOH. (b) A 200 nm silver film is evaporated
onto the cleaned mold. (c) FIB milling is used to define the C-shaped aperture through
the backside of the metallic film. (d) Optical epoxy and a glass microscope slide are used
to (e) template strip the pyramid from the mold. (f) The resulting structure keeps the
sharp tip intact while also providing an efficient method for its excitation with linearly
polarized light. Figure adapted from Lindquist et al.10
The fabricated structures are shown in Figure (4.11). From a top-view SEM image
[Figure (4.11a)] the C-shape milled in the pyramid can be clearly seen. Since the C-
shape is milled along the angled facets of the pyramid, the final structure has a significant
three-dimensional nature which can be seen in the angled SEM images shown in Figures
(4.11b,d). The C-shaped aperture has three legs, each with a width of 100 nm and covers
a total area of 400-by-400 nm. As with the asymmetric pyramids, it is also possible
to fabricate arrays of these structures like those shown in Figure (4.11c). Using this
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same method it is also possible to fabricate the more common aperture probe like those
in Figures (4.11e-f) which have 100 nm circular shaped apertures. The disadvantage
with the circular aperture is that the sharp has been removed which will degrade the
spatial resolution. The C-shaped aperture design allows for the tip to remain intact
which allows the combination of the high transmission of the aperture just below the
tip and the high field confinement possible with the sharp, metallic tip. The large taper
angle (70.5◦) of our pyramids also work well since it allows easy optical access of the
tip and aperture from the backside of the pyramid. The large resonant transmission
effects of planar C-apertures has been previously investigated,125 and also suggested
for use as near-field probes.127 While this design resembles the planar C-aperture, the
significant three-dimensional design makes it unique. In this design there is a metallic
“tongue” which is lifted in the middle of the C and contains the important sharp tip.
The tips itself is not fabricated by FIB or exposed to any processing. Template stripping
makes it possible to have a sharp (<10 nm radius) which is free from roughness and
contamination. The asymmetry needed is introduced by the three segments of the
aperture and allow for efficient generation of plasmons that then propagate towards and
focus at the tip.
4.3.2 Results and Discussion
To further characterize this structure, full three-dimensional FDTD simulations were
performed and the results are shown in Figure (4.12). The pyramid is oriented such
that the tip points along the +z axis and the tongue of the C-shaped aperture is aligned
along the x-axis. Two different geometries were simulated to compare and contrast
the results. The two designs are shown in the inset of Figure (4.12a) and the first is
a single-slit aperture on one face of the pyramid the second is the C-shaped aperture.
For reference, the coordinate axes used are portrayed in Figures (4.12a,b). To measure
the spectra behaviors shown in Figure (4.12a), a pulsed input beam was used and z-
component of the electric field was measured at the tip then Fourier-transformed. The
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Figure 4.11: SEM images of C-shaped aperture pyramids. (a) Top-down SEM
image of a pyramid with a C-shaped aperture patterned around the tip. (b) Angled
view of the pyramid shown in (a). (c) An array of patterned pyramids. (d) Side-view
SEM image showing the three-dimensional nature of the device and sharp tip. (e) SEM
image of a pyramid with a circular aperture fabricated through the same method and
used for comparison in measurements. (f) Angled view of the pyramid shown in (e).
Figure from Lindquist et al.10
incident light was polarized along the x-axis. From the spectra it can be seen that
both structures are capable of transmitting light and creating surface plasmons which
propagate to the tip and focus, but for the case of the single slit, the field intensity is
low. The C-shaped aperture, on the other hand, shows a resonance peak at 530 nm and
a much higher field intensity at the tip. Cross-section field maps displaying the steady-
state electric field are shown in Figures (4.12c-f). The intensity measured at the tip of
a C-shaped aperture pyramid in Figure (4.12c) shows a >500x enhancement over the
intensity just below the aperture inside the pyramid. The field intensity enhancement
in Figure (4.12d) for a pyramid with a single slit is only 30x. This demonstrates that
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while surface plasmons are generated by both patterns, the unique C-shaped slit pattern
shows great improvements over the single slit. The asymmetry in the C-shape aperture
is also important to allow linearly-polarized light to be transmitted and focused. Figure
(4.12e) shows that when the incident light is polarized in the y-direction the plasmons
generated by the two symmetric slits destructively interfere at the tip and create a null.
It is also shown that changing the polarization for the case of a single slit will produce
minimal transmission [Figure (4.12f)].
Figure 4.12: FDTD simulations of the C-shaped aperture pyramids. (a) Spectral
response of pyramids with two different patterns, showing the z-component at the tip.
The large resonant peak at 530 nm shows that the C-shaped aperture transmits much
more light than the single slit. (b) SEM image of a C-shaped aperture device with
the coordinate system used for the simulations. (c) Electric field intensity maps in the
steady-state for a C-shaped aperture pyramid at its resonant wavelength. Illuminating
with x-polarized light shows a hot spot at the tip for this device, and a much less intense
hot spot for the case of a single slit seen in (d). Also, if the polarization is changed to
the y-direction for the C-shaped aperture in (e) and single slit in (f), there is minimal
nanofocusing at the tip. Figure from Lindquist et al.10
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To help understand the system better we studied the structure with slits on a single
face [similar to figure (4.12d)]. Pyramids were fabricated with an array of slits starting
4.5 µm from the tip measured along the face. The inside of the device before template
stripping is shown in Figure (4.13a) and the final device in Figure (4.13b). The device
was illuminated internally with 633 nm light and light transmitted though the pyramid
was observed. In Figure (4.13c) the incident beam is polarized perpendicular to the
slits and light is seen from both the slits and small spot at the tip. The spot at the
tip is from plasmons which are generated by the slits then propagate towards and are
scattered by the tip. When the incident beam is polarized parallel to the slits, as in
Figure (4.13d), no light is seen at the apex of the pyramid showing that plasmons are
not generated by the slits. Both of these results match with FDTD simulations and
help verify their validity.
The behavior of the C-shaped aperture alone was also investigated. Two structures
were fabricated in a similar method as the c-shaped aperture pyramids, but instead on
a flat 200 nm thick silver film. Figure (4.14a) shows a fabricated hole aperture and C-
shaped aperture structures on a flat film. The transmission spectra from both devices
was measured and the results are shown in Figure (4.14b). The C-shaped aperture
demonstrates significantly higher transmission than the hole. This comparison is similar
to that of a circular aperture tip design versus our C-shaped aperture tips design. A
major drawback of the circular aperture tip is the small amount of transmission, while
the C-shaped aperture solves this problem.
Aperture pyramid devices are experimentally compared in Figure (4.15). First,
microscope images were taken from the top of the pyramids for both illumination from
the top and bottom of pyramids with circular apertures and C-shaped apertures and
can be seen in Figure (4.15a). The images in 1-2 show a combination of internal and
brightfield illumination and show the position of the pyramid. The images in 3-4 show
only the light transmitted due to the internal illumination and it can be seen that the
amount of light transmitted by the C-shaped aperture is significantly higher than the
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Figure 4.13: Pyramid with slit array. SEM images of a 200 nm thick pyramid with
an integrated slit array both (a) before and (b) after template stripping. The axes
shown in (a) are consistent with those in the FDTD simulations. A beam of light is
incident from below the pyramid and the scattered light is observed from above with
microscope. The orientation of the microscope images is same as the SEM image in (a).
The light is polarized perpendicular to the slits in (c) which allows for plasmons to be
generated by the slits and light is seen coming from the tip due to the scattering of the
plasmons. The incident polarization is changed in (d) and minimal transmitted light is
seen since plasmons are not generated. Figure from Lindquist et al.10
circular aperture. The spectra of the transmitted light in the far-field was also measured
and is shown in Figure (4.15b). The measured spectra are an average of several devices
and the spectra from the FDTD simulations are also shown as the dashed line. It can
once again be seen that there is significantly more transmitted light for the C-shaped
aperture than the circular aperture and that the high transmission of the C-shaped
aperture is dependent on the incident polarization.
It should be noted that the measurements here do not directly measure the near-
field. Instead, it is shown that the far-field measurements match with FDTD simulations
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Figure 4.14: Comparison of optical transmission through apertures on a flat
film. SEM images of a circular hole aperture and a C-shaped aperture milled in a
flat 200 nm thick silver film are shown in (a). (b) The transmission spectra shows a
significant increase for the C-shaped aperture compared to the circular hole. There is
also a polarization dependence for the c-shaped aperture as discussed previously. Figure
adapted from Lindquist et al.10
and then the near-field properties are elucidated via FDTD. In conclusion, we developed
a new method to create a near-field probe which has many advantages. This method
places a C-shaped aperture around the tip of a pyramid allowing for light to be coupled
to the outside of the pyramid while minimizing background. Since the sharp tip is still
intact the nanofocused spot will be very confined which should allow for high-resolution
imaging. This new method should give the ability to create new probes for applications
such as NSOM and TERS with improved performance and help advance the field.
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Figure 4.15: Optical transmission spectra through pyramid apertures (a) Mi-
croscope images of pyramids with integrated (1,3) circular and (2,4) C-shaped apertures
when with (1,2) bright-field and internal illumination and (3,4) only internal illumina-
tion. The peak intensity from the C-shaped aperture is 150x brighter. (b) Transmission
spectra from the pyramids shown in (a). FDTD results from the C-shaped aperture
pyramid are shown by the dashed gray line. Here the peak transmission of the c-
aperture is 50x more intense than the circular aperture. Figure from Lindquist et al.10
Chapter 5
Near-field Imaging
Using conventional optics and no prior information, an imaging system is bound by
the diffraction limit which limits the maximum resolution to about λ/2n where λ is the
wavelength of the light and n is the refractive index of the material between the imaging
system and the sample (e.g. air, water, or oil). This is because the waves captured by the
system are only the propagating waves which have a finite maximum spatial-frequency.
Increasing the resolution can be achieved through the use of the evanescent waves which
contain the high-spatial-frequency components needed, but are nonradiative and bound
to the surface necessitating the image be obtained very close to the surface.74
To glean this near-field information, often near-field optical microscopy (NSOM) is
used. The system can be traced back to an idea by Synge in 1928 where he proposed a
method to raster a 10 nm hole over the sample while being held only a few nanometres
from the surface.128 This idea was transformed and realized experimentally in 1972
by Ash and Nicholls for the microwave regime.129 Then in 1984 both Lewis et al.130
and Pohl et al.131 demonstrated super-resolution down to λ/16 in the optical regime.
Further progress was made and in 1989 Reddick et al. demonstrated NSOM as a tool
to investigate light-matter interactions at the nanoscale132 and Fischer et al. developed
a single particle plasmon near-field microscope in the same year.133 Since then many
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people have continued to make modifications and improvements to various designs of
NSOM systems. The basics have stayed the same and generally consist of either a sub-
wavelength aperture of sharp metallic tip which is raster scanned over the sample of
interest. Adding these elements can create an extremely small light source or locally
scatter the near-field information into the far-field for collection by conventional optics.
With the near-field information available through these methods, a wealth of information
can be collected about the electronic, vibrational, structural, and dynamic properties
of a sample.
When the small aperture method, commonly called aperture NSOM, is used for
local illumination of the sample, the resolution is greatly dependent on the size of the
aperture and the skin depth of the metal coating.134 To obtain a higher resolution, a
method called apertureless NSOM can be used which makes use of a sharp tip or parti-
cle to focus or scatter light locally.135–137 This method can produce imaging resolutions
10x better than aperture NSOM since the resolution is determined by the tip diameter
rather than an aperture. Apertureless NSOM has been proven to be a versatile method
for probing the local field distribution in a variety of devices such as plasmonic waveg-
uides and antennas,138–140 biological membranes,109,141 and integrated circuits.142 This
method has also proven to be versatile though its success in single-molecule fluorescence
imaging143,144 and vibrational imaging via Raman scattering.145–147
It is clear that NSOM imaging has many great benefits, but widespread adoption had
been hampered by the low reproducibility of near-field probes. As discussed in Chapter
4, many methods have been attempted to fabricate sharp tips for nanofocusing, but each
with problems. One promising method to create reproducible probes uses a colloidal
metal nanoparticle on the end of a pulled fiber,98,148 but the process of picking up the
single nanoparticle is inefficient and painstaking. Additionally, the nanoparticles need to
be larger than 60 nm due to quenching and limits the optical resolution. Using smaller
nanoparticles places restrictions on the experiment and require the use of low-quantum-
yield emitters,149 high-index substrates,100 or more complex probe geometries.101
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In this chapter I show a new method for the fabrication of tips for near-field imaging.
The tips are fabricated in a similar method to the ones described in Chapter 4, but here
are isolated and individually template-stripped from the mold. This new method pro-
vides a procedure for the mass fabrication of high-quality, uniform, ultra-sharp metallic
probes. The probes are then demonstrated in a variety of different experiments in-
cluding single-molecule fluorescence, single-molecule tip-enhanced Raman spectroscopy
(TERS), and fluorescence lifetime imaging. The tips are shown to perform well either
matching or exceeding previous reports with other tips while maintain a usable tip yield
of >95%.
The following contains work that has been produced though a collaborative effort,
and is largely derived from the following publications:
1. Johnson, T. W., Lapin, Z. J., Beams, R., Lindquist, N. C., Rodrigo, S. G.,
Novotny, L. & Oh, S.-H. Highly reproducible near-field optical imaging with sub-
20-nm resolution based on template-stripped gold pyramids. ACS Nano 6, 9168-
9174 (2012).8
Contributions: For this paper I contributed to the initial idea and design, also
I developed the fabrication process and fabricated all of the tips. I also helped
interpret the results, and write the final paper.
2. Beams, R., Smith, D., Johnson, T. W., Oh, S.-H., Novotny, L., & Vamivakas, A.
N. Nanoscale Fuorescence lifetime imaging of an optical antenna with a single
diamond NV center. Nano Letters 13, 3807-3811 (2013).16
Contributions: For this paper I developed the process to fabricate and made the
Ag tips. I had slight input to interpretation of the results and helped with revisions
to the final paper.
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5.1 Near-field imaging with highly reproducible template-
stripped gold pyramids
5.1.1 Method
The fabrication of these sharp metallic tips follow a scheme similar to the one presented
in Chapter 4. This method makes use of simple photolithography to define the structures
and creates the nanoscale tip through a wet etching step. Generally to make devices with
nanoscale features, advanced lithography tools are needed such as e-beam lithography
or FIB milling. Here we instead take advantage of the anisotropic etching properties
of silicon by KOH to create the nanoscale features. Similar ideas have been used in
the fabrication of AFM cantilevers for quite some time, and using molds has also been
pursued,150–152 but the molds were either dissolved leaving a random dispersion of tips,
or the sharp tips themselves were cut off, thus eliminating their benefit. The fabrication
starts with a 100 nm Si3N4 thick mask on a silicon wafer. Photolithography is then used
to pattern an array of 20 µm circles which are transferred into the Si3N4 mask through
reactive ion plasma etching. The resist is then removed and the wafer is etched in KOH
[Figure (5.1a)]. The exact conditions of the etch are critical to create a single point
which is sharp. The conditions found to be optimal are etching for 90 min in a solution
of 30% KOH saturated with isopropyl alcohol at 80◦c. Gold was then deposited into the
pits with an e-beam evaporator [Figure (5.1b)], and put in a hydrofluoric acid lift-off
bath to remove the Si3N4 and unwanted gold, producing the structure shown in Figure
(5.1c). The pyramids are now ready to be individually template-stripped from their
mold [Figure (5.1d)]. This process starts by attaching a short piece of 15 µm diameter
tungsten wire (Alfa Aesar) to one prong of a tuning fork with epoxy. The tuning fork
is then mounted on 3-axis micropositioner to precisely move the wire attached to the
fork. The wire is dipped into a drop of quick-setting epoxy to create a small drop on
the end of the wire. The wire is then moved to, and placed in the backside of the gold
pyramid in its mold. This position is kept while the epoxy sets, and then the wire is
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pulled vertically, away from the mold, now with an attached pyramid. The resulting
structure can be seen in Figure (5.2).
Figure 5.1: Process schematic for sharp metallic tips. (a) Photolithography is
used to define 20 µm circles in a silicon-nitride mask (green) on silicon and subsequent
KOH etching forms inverted pyramidal pits. (b) Gold is then deposited in the pit
followed by (c) a lift-off step producing (d) inverted pyramids which are ready to be
template stripped. Figure from Johnson et al.8
Since the structures are defined by a simple photolithography step, it is possible
to make large arrays of devices in parallel. Figure (5.3a) shows an array of tips in a
mold with a spacing of 50 µm between pyramids. With this spacing is it possible to
simultaneously fabricate over 1.5 million tips on a single 4 inch wafer, each with uniform
properties. A single pyramid in its mold is shown in Figure (5.3b), and a single pyramid
removed from the mold and ready for use in Figure (5.3c). Through this method it is
not only possible to make large quantities of pyramids, but they also have very sharp
tips with about a 10 nm radius [Figure (5.3d)] which allows for high-resolution imaging.
Various other works have shown the use of gold tips fabricated by electrochemical
etching or FIB milling, among others, to perform near-field fluorescence imaging109 and
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Figure 5.2: Template-stripped pyramid on a tungsten wire. The 20 µm base
pyramids are individually glued to 15 µm diameter tungsten wire with epoxy. Scale
bare 10 µm. Figure adapted from Johnson et al.8
near-field Raman scattering.96,145 One major difficulty with these experiments is that
the experimental results depend strongly on the particular properties of the tip. Even
though all of the tips would look the same when imaged with an SEM, most of them
would not produce any near-field enhancement. Because of this, experiments needed to
be repeated many times through a trial-and-error approach with a yield of only about
5% and low repeatability. The performance and repeatability of the template-stripped
gold pyramids presented here are quite different. Through experiments we saw a high
yield of about 95% which were usable for near-field imaging and provided consistent
resolution in both fluorescence and Raman.
The experimental setup used with the fabricated tip is depicted in Figure (5.4) and
is a combination of a laser scanning confocal microscope and an AFM. The sample is
placed on an x–y piezo scan-stage above an inverted confocal microscope and above the
sample is a homebuilt AFM head which holds the gold tip. For excitation, a tightly
focused radially polarized laser beam is used and the pyramid tip is positioned to be in
the center of the optical focus. The tightly focused radially polarized beam provides a
strong longitudinal electric field at the optical focus which excites a large electric field
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Figure 5.3: SEM images of template-stripped tips (a) An array of pyramids fab-
ricated though simple photolithography allowing for 1.5 million tips to be made on a
single wafer. (b) A single 200 nm thick gold tip in its mold. The mold protects the
tip from contamination, allowing it to be stored for extended periods of time without
degradation and the tips be removed individually on demand. (c) A pyramid removed
from the mold and ready for use. (d) The radius of the tips is about 10 nm which makes
high-resolution imaging possible. Figure from Johnson et al.8
enhancement at the pyramidal tip.74 The sample is raster-scanned below the gold tip
and the topographical information from the AFM head is collected simultaneously with
the optical data from the microscope below the sample. A tip-sample distance of about
5 nm is maintained using either shear-force or dynamic normal mode feedback.153 The
photons emitted from the sample are collected through the objective, filtered, and sent
to either an avalanche photo diode (APD) or a spectrometer and liquid-nitrogen cooled
charge coupled device (CCD).
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Figure 5.4: Microscope setup used for near-field imaging. The sample is placed
on a scanning stage with an AFM on top supporting the pyramidal tip and an inverted
confocal microscope below. Radially polarized light is focused with an objective to a
diffraction limited spot and the pyramid tip is placed in the middle of the focus. The
optical signal produced by the sample is collected through same objective and measured
with a single-photon counting detector or spectrometer. Figure adapted from Johnson
et al.8
5.1.2 Results
Near field fluorescence images of single molecules were taken to demonstrate the capa-
bilities of the tips. Here a He–Ne laser (λ = 632.8 nm) was used to excite Atto 647N
dye molecules and the collected signal is passed through a 650 nm long-pass filter to
reject the excitation and then to an APD. The dye molecules were dispersed onto a
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glass coverslip covered with a thin (≈2 nm) layer of polymethyl methacrylate (PMMA)
to increase the photostability of the dye molecules through spin-casting of a dilute solu-
tion. An excitation power of 21 nW was used, which is very low, and allows for minimal
unwanted photographing of molecules within the excitation volume and is possible due
to the large fluorescent enhancements provided by the tip.
First, a confocal fluorescence imaging scan was taken without the tip [Figure (5.5a)]
and it is clear that the resolution is not sufficient to identify individual molecules. The
same area was then scanned with the tip in place [Figure (5.5b)] and not only are the
individual molecules easily resolvable, but it is also possible to see the molecular tran-
sition dipole axis.154 Molecules oriented in-plane exhibit a characteristic double-lobe
pattern,154 while molecules oriented along the axis of the pyramid (z-axis) show a single
point. Single z-oriented molecules reveal an optical enhancement of around 200-fold and
an optical resolution of 18 nm with the tip present. As the tip approaches a molecule
the fluorescence rate increases and Figure (5.5c) shows the emission rate as a function
of tip-sample distance of a single z-oriented molecule. The fluorescence enhancement
is calculated from the ratio between the highest and lowest emission rates seen in the
approach curve, after adjusting for the photoluminescence of the tip itself. This en-
hancement and resolution greatly exceed that shown in previous near-field fluorescence
studies which use an 80 nm gold sphere for a tip and a similar sample.98,148
To further test the capabilities of the tips, near-field Raman imaging experiments
were performed. This type of experiment has been performed before and has been
shown to produce valuable chemical information about a sample. The problem, though,
is that past efforts have mostly used chemically etched gold or silver tips96,145,147 which
can produce exceptionally large field enhancements, but most do not and makes the
results not reproducible due to the variations in etch parameters and crystal structure
of the metal wire. The pyramidal tips presented here, though, offer a repeatable solu-
tion and also makes quantitative modeling possible because of the well-defined probe
geometry. To demonstrate the ability of these tips for TERS and near-field Raman
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Figure 5.5: Single-molecule fluorescence imaging of Atto 647N dye molecules.
(a) Confocal fluorescence image (contrast enhanced 5-fold) and (b) near-field fluores-
cence image of the same area taken with a template-stripped pyramidal probe. Scale
bar: 200 nm. The full-width at half-maximum of an individual fluorescence spot in
(b) is measured to be 18 nm. (c) The fluorescence rate as a function of the tip-sample
distance showing an enhancement of about 200. Figure from Johnson et al.8
imaging, we measured a sample of carbon nanotube (CNT) bundles produced by the
arc-discharge method. Since it is possible for the same tube bundle to be located and
measured repeatability, this CNT sample provides a good platform to characterize the
field enhancement and reproducibility of the pyramidal tips.
A near-field image of the Raman G band is shown in Figure (5.6a) for an arc-
discharge CNT bundle excited with illumination at 785 nm. A cross-section taken at
the white arrow shows a width of 40 nm. This 40 nm represents a convolution of
the optical resolution provided by the tip with the actual non-zero width of the CNT
bundle. The topographic image taken simultaneously with the near-field image is shown
in Figure (5.6b) and the measured height of the CNT bundle is 6.2 nm. Spectra were
taken of the CNT bundle both with the tip close to the surface and with the tip retracted
and are shown in Figure (5.6c). The enhancement factor is then calculated by taking
the ratio between the two spectra for a Raman band. Here the enhancement is about
10x which demonstrates that the pyramidal tips perform well in TERS experiments.
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Figure 5.6: Near-field Raman scattering from CNT bundles. (a) Near-field
Raman image of the G-band (1600 cm−1) showing a CNT bundle width of 40 nm. Scale
bar: 250 nm. (b) Corresponding topographic image measured along with (a) showing a
CNT bundle width of 6.2 nm. (c) Collected Raman scattering spectra with and without
the pyramidal tip showing an enhancement of 10. Figure from Johnson et al.8
5.1.3 Discussion
It may initially seem incongruent that the Raman enhancement is less than the fluores-
cence enhancement, but this difference can be explained by the dimensionality of the
system. The single-molecules used in the fluorescence measurement are considered a
zero-dimensional (0-D) object since they are essentially a point, while the CNTs used
for Raman measurements are a one-dimensional (1-D) object, since it has a finite size
in one dimension. Similarly if we were to measure an object evenly dispersed over a
surface it would be a two-dimensional object. When a 0-D object is illuminated with
confocal excitation over the area A and the near-field antenna enhances the field by a
factor of f0 in a subdiffraction area a, then the measured enhancement will be about f0.
For a the case with a 1-D object, though, the measured enhancement will be scaled by
(a/A)1/2 ≈ 0.2 due to the area where the confocal excitation still illuminates the CNT,
but there is no enhancement due to the tip. The background is additionally increased
in our CNT bundles since more than one nanotube is present in the confocal excitation
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at a time. The mechanism for Raman enhancement in 1-D objects has been analyzed
and discussed previously96 and explains the perceived discrepancy in the enhancement
factors presented here.
To better understand the system and the factors contributing to the large enhance-
ments, FDTD simulations were performed for both pyramidal and conical tips with
various tip angles (α) across a range of wavelengths (λ). The goal was to better un-
derstand the interactions and radiative properties of a quantum emitter when a tip is
placed close to it. Experimentally the tip is illuminated by a focused high-order laser
beam with an objective on the opposite side of the sample as the tip itself. This same
objective is used to collect the photons emitted from the tip–sample interaction. Thus,
the signal-to-noise of the system depends on the fraction of power collected by the ob-
jective which is radiating away from the tip, or in the backward direction. Any power
which radiates towards the tip, in the forward direction, will predominantly couple to
surface plasmons propagating along the sides of the tip.87,155,156 This energy then is
simply dissipated into heat unless a more complicated tip is used with, for example,
an integrated grating to convert some of the energy in the surface plasmons to far-field
radiation to be collected.89
The simulated configuration is shown in Figure (5.7a) and consists of a gold pyramid
placed 3.75 nm above an electric dipole and the radiation patterns were evaluated. The
dipole axis was oriented parallel to the tip axis and perfectly matched layers were used
for all of the boundaries to avoid spurious reflections. The backward radiation (BR)
efficiency was evaluated and defined as the power flux through the bottom half space
(z < 0) normalized with the same power flux radiated by the electric dipole isolated in
free-space. Thus the BR efficiency is 1 without the tip. Both conical and pyramidal tips
were simulated with varying opening angles α and produced similar results, so only the
data from the pyramidal tips is presented here. The simulation window was make large
enough to reduce unwanted artifacts and reflections from the boundaries. Since the
tip is modeled as an infinity extended object, the metal intersects the boundary which
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can cause problems. To overcome this, the simulation window was made comparable
to or larger than the surface plasmon propagation length. The propagation length
increases with wavelength, so the simulation size needed to as well. Due to memory and
processing time constraints, the window could not be made large enough so calculate
the BR efficiency into near-infrared wavelengths, so only measurements out to 700 nm
were made.
The results from our simulations are plotted in Figure (5.7b) and show an increase in
BR efficiency for both an increase of the cone angle α and of wavelength λ. This trend
comes from the fact that as the cone angle increases, the surface plasmons propagating
along the sides of the pyramids become more mode-mismatched. This mode-matching
has been studied extensively in other works and it has been discovered that plasmons
more efficiently propagate along the shaft of a tip in the so-called adiabatic limit, which
means a small α.87 While adiabatic focusing is explained by many to be the best
situation, here we see that the adiabatic limit just creates plasmons on the tip shaft
which dissipate and cause energy to be lost. We see that the the backward radiation
is enhanced more that a factor of 10 by varying α from 10◦ to 70◦ at a wavelength
of 650 nm. This enhancement is not only due to the redistribution of the radiation
pattern, but most of the enhancement is from the electromagnetic back-action, meaning
the tip enhances the dipole’s ability to release energy. This means that the enhanced
BR efficiency corresponds to an increased radiative decay rate. The quantum emitter is
prevented from complete quenching due to this increase and is part of the reason for out
ability to obtain such high-quality near-field fluorescence imaging of single molecules.
5.1.4 Conclusion
Here we have presented a new method for fabricating metallic tips to be used as near-
field probes. This new method is based on template stripping and allows for parallel
fabrication of thousands of high-quality and high-performing tips. Additionally, the
tips have been shown to very reproducible and a significant improvement over other
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Figure 5.7: Simulations of the backward radiation efficiency of a dipole placed
in front of a pyramidal tip (a) Schematic of the simulated area. A dipole is placed
3.75 nm from the tip of the pyramid and is oriented parallel to the tip axis. The BR
efficiency is normalized to 1 for the dipole without the tip. (b) Simulation results for
varying tip angle α and wavelength λ. A computational window of 2.43 x 2.43 x 1.63
µm was used with a mesh size of 2.5 nm. The results show a large increase in the BR
efficiency as the tip angle α increases. Figure adapted Johnson et al.8
tip fabrication methods. The optimized structure provided a spatial resolution of less
than 20 nm and gave fluorescence enhancements of ≈ 200x. They also provided good
results while used for TERS imaging. The template-stripped probes presented here
hold the potential to make near-field microscopy and spectroscopy a routine and reliable
technique.
5.2 Nanoscale Fluorescence Lifetime Imaging of a Tem-
plate Stripped Pyramid with a Single Diamond NV
Center
The pyramidal tips presented in the previous section were shown to be useful, and
here using a tip made in a similar manner, more advanced experiments are also shown.
This experiment uses a single diamond nitrogen vacancy center (NV center) to perform
nanoscale fluorescence lifetime imaging microscopy (FLIM) on the tip. The majority
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of this work does not fall in the scope of this dissertation, but it is presented to show
another use of the these near-field tips. The tips used for this experiment also needed a
slightly different fabrication scheme. Complete details of the experiment can be found
in the original publication by Beams et al.16
As photonic devices continue to shrink, a detailed understanding of how nanostruc-
tured environments effect the local density of optical states (LDOS) is useful. There have
been numerous experiments which demonstrate the impact LDOS engineering has on
the excited state decay dynamics using a variety of methods.98,148,157–160 One method
to map the LDOS is to use the excited state lifetime of an optically active material
to monitor the local electromagnetic environment.161,162 Previously groups have at-
tempted to perform nanoscale FLIM with a single quantum system,163,164 and here an
NV center is used. Initial single emitter FLIM measurements used single molecules148
quantum dots158 and suffered from fluorescence bleaching and blinking, but the NV
center exhibits stable photoluminescence at room temperature making is a better can-
didate. Here nanoscale FLIM of a pyramidal tip optical antenna is demonstrated using
a single NV center.
The schematic for this experiment is presented in Figure (5.8). Here the probe (NV
center) is fixed in space and the object (pyramid) is scanned over it as seen in Figure
(5.8b). By monitoring the probe lifetime, an image can be created and the nanoscale
LDOS created by the object can be observed. Figure (5.8c) shows the experimental
setup which is similar to the setup presented in Figure (5.4), but with the addition of
a third detector option for measurements of the intensity autocorrelation function. For
illumination a laser with a wavelength of 532 nm was used, and since at this wavelength
gold pyramidal tips don’t perform well due to losses in the metal, a silver pyramidal tip
was used instead. An SEM image of one of the tips used is shown as the inset in Figure
(5.8c).
To fabricate the silver pyramids a different fabrication scheme than the one in Figure
(5.1) was needed. The steps for KOH etching were the same, but a problem presents
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itself at the lift-off step. For gold pyramids the lift-off step which removed the silicon
nitride mask was done in hydrofluoric acid since gold is not etched by it. In contrast,
when silver is used to make the pyramids, the hydrofluoric acid would etch away the
pyramids if used in the same manner. To overcome this, the steps after the KOH etching
were slightly modified. After etching the pyramids, but before the metal deposition, the
wafer was placed in hydrofluoric acid to remove the silicon nitride. Since the mask used
for the lift-off step has now been removed, a photoresist mask was added and patterned
for the lift-off. This step required optimization since the resist needs to cover the large
topographical features of 20 µm tall pyramidal pits. A thick positive resist (SPR-220)
was used to cover the features and a very high exposure (8000 mJ/cm2) was used to
make sure the resist was fully exposed inside the pyramidal pits. After the photoresist
was patterned the metal was deposited and the excess lifted off in an acetone bath. Using
this method it is possible to create silver pyramids with many of the same benefits as
the gold pyramids. Unfortunately the tips did not get quite as sharp as the gold ones
and have a tip radius of about 30 nm [Figure (5.8a)] instead of the 10 nm tip radius
seen with the gold tips. This difference is due to the deposition conditions used and the
properties of the metals. After this publication further optimization was performed on
the deposition conditions to minimize heating of the mold and the tip radius was able
to be reduced to ≈ 10 nm for the silver tips as well.
Experimental results showing FLIM with a single NV center are shown in Figure
(5.9) and study the impact of the optical antenna on the NV center’s excited state
dynamics. Figures Figure (5.9a,b) show the intensity and autocorrelation measurements
of the single NV center with and without the silver pyramidal tip present. The tip
reduces the lifetime by a factor of ≈ 3. Next the lifetime is recorded simultaneously with
the near-field signal as the pyramidal tip is raster-scanned across the NV center which
exploits the NV center’s optical-transition lifetime as a probe of the optical antenna’s
nanoscale LDOS. Two sets of measurements which were taken with different NV center
and tip combinations are are presented in Figures (5.9c,e and d,f). It can be seen that the
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Figure 5.8: Silver pyramidal tips and experimental setup. (a) SEM image show-
ing the tip of a silver pyramid with a radius of ≈ 30 nm. This is larger than the gold
pyramids, but the increase in the usable wavelength range for the silver pyramids still
made them more useful for here. (b) For this experiment the probe (NV center) is
fixed in space and the object (pyramid) is scanned over it. (c) An inverted confocal
microscope coupled with an AFM were used for the measurements. Detection was done
with either a single APD, spectrometer, or pair of APDs (for intensity autocorrelation
measurements). Inset: SEM image of the silver pyramid used. Figure adapted from
Beams et al.16
hot spot is observable in both the FLIM and near-field measurements, showing that the
difference in the lifetime matches with the near-field hotspots and validating the use of
FLIM with NV centers. This demonstration shows that the NV center optical transition
is a sensitive probe of the local electromagnetic mode structure and could in the future
be used as a scannable probe. Also, the use of a well-defined optical antenna (silver
pyramid) as the object to be probed allowed for consistent results between experiments
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using different tips and once again demonstrates the importance of high-quality, well-
defined, and reliable tips.
Figure 5.9: FLIM with a single NV center (a) Lifetime measurements for the
NV center with and without the tip present showing a reduced lifetime with the tip
present. (b) Intensity autocorrelation function for the NV center with and without the
tip present. (c) FLIM measurements for one combination of tip and NV center and the
corresponding (d) near-field fluorescence image. (e) FLIM measurements for a second
combination of tip and NV center showing the repeatability and the corresponding (d)
near-field fluorescence image. The white outlines represent the NV center location from
topography measurements. Figure from Beams et al.16
Chapter 6
Template-stripped Sensors
The field of plasmonics has enabled unique devices in a variety of fields. So far this thesis
has focused on using plasmonics for nanofocusing and near-field imaging, but another
major use is for biosensing.45,48,165,166 This chapter will focus on a novel plasmonic
sensor to use for biosensing.
The use of surface plasmons for biosensing has seen significant progress using a va-
riety of methods for excitation and detection.48,166–169 Some of these structures include
nanohole arrays,45,165,170–177 nanoparticles,178,179 and plasmonic interferometers.180,181
These new sensors all show potential to enhance the sensitivity, multiplexing capacity,
and biological interfacing of plasmonic sensors compared to conventional SPR instru-
ments. The most commonly used plasmonic sensor has a very simple structure consisting
of a ≈50 nm gold film on a prism which allows for Kretschmann excitation of SPs on
the surface.166,182,183 This sensor has gained popularity because no nanofabrication
is needed to make it, and the reflective-mode geometry decouples the optical sensing
path from the fluidic channels. When the optical path goes through the sensing fluid,
as is common for transmission-mode plasmonic biosensors45,165 or grating-based SPR
sensors,167,184 interference can occur causing the sensor to not work especially when
using opaque, turbid, bubbly, or highly scattering fluids. Though quite useful, the
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prism-coupling method also has significant drawbacks. First, the optical setup needed
to create the large angle of incidence and collection can be cumbersome to align and
often requires specialized equipment. Second, the sensing surface is tilted with respect
to the optical axis making imaging difficult due to distortion and the depth-of-focus of
the imaging lens limits the usable sensing area making it difficult to perform parallel
imaging over a large, dense microarray.171 Finally, it is difficult to tune the spectral
resonances of the structure. Due to these limits, work is being done to find a nanoplas-
monic sensor which allows for high-resolution, multiplex sensing at normal incidence
with a conventional microscope.168 Some of the plasmonic sensing methods used are
shown in Figure (6.1a-c). Challenges are still being faced, though, to increase the sen-
sitivity and performance of the sensors while still having a reproducible structure. The
fabrication method should be able to produce high-quality structures at a low cost to
make it viable for widespread use. One of the fabrication difficulties comes from sur-
face roughness which can cause unwanted broadening and attenuation of the plasmonic
resonances, sample-to-sample variation, and reduced SP propagation lengths.55 The
roughness can also degrade the quality of self-assembled monolayers or lipid membranes
formed on the surface for sensing.185,186 To solve this problem, we once again look to
the template stripping method first presented in Chapter 3 which can produce both
ultrasmooth unpatterned187,188 and patterned47,114,189 metal films. The ultrasmooth
surface not only improves the plasmonic performance, but can also help improve the
surface chemistry.190 Many sensors have been made, but a method allowing for high-
resolution SPR imaging with the optical path and fluidic path decoupled made from
ultrasmooth metals with integrated gratings has not yet been realized. In this chapter
a new sensor design is presented to overcome these challenges and the performance of
the sensor is demonstrated.
The following contains work that has been produced though a collaborative effort,
and is largely derived from the following publication:
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1. Lindquist, N. C., Johnson, T. W., Jose, J., Otto, L. M. & Oh, S.-H. Ultrasmooth
metallic films with buried nanostructures for backside reflection-mode plasmonic
biosensing. Annalen der Physik 524, 687-696 (2012).7
Contributions: For this paper I helped conceptualize the idea and developed the
process. I performed most of the fabrication and all of the SEM imaging. I also
performed all of the experimental sensing. Finally, I helped interpret the results
and write the paper.
6.1 Backside SPR
Here we show a new device architecture which includes an ultrasmooth, flat top surface
with integrated plasmonic nanostructures just below the surface. A method for using
this architecture as a biosensor is shown in Figure (6.1d) and offers great flexibility
in design and usage. This sensor combines many of the advantages of conventional
prism-based SPR instruments, such as a flat sensing surface and a reflection-mode ge-
ometry, with the advantages of more complex plasmonic biosensors, such as wide optical
tunability, normally incident light, high-resolution imaging, and multiplexing, to cre-
ate a versatile and user-friendly device. This new method is also not limited to only
making biosensors, and could be used for nanophotonic circuitry and waveguides,191
interferometric sensors,180 spatial light modulators, plasmonic trapping,38 or manipu-
lating self-assembled monolayers and lipid bilayers.192
6.1.1 Method
The fabrication scheme is shown in Figure (6.2) and starts with the deposition of a
20 nm thick Au film by evaporation onto a clean silicon wafer [Figure (6.2a)]. Next,
the desired structures are patterned by e-beam lithography followed by a 50 nm Au
deposition and a lift-off process in acetone. The resulting structure is shown in Figure
(6.2b) and consists of 50 nm tall Au stripes on top of the first 20 nm thick Au film. Care
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Figure 6.1: Plasmonic sensing schemes. (a) The most common, Kretschmann prism
coupling. The optical and fluidic paths are decoupled, but light is incident at an oblique
angle. (b) Nanoparticles as sensors. High sensitivities are possible, but the particles
contribute significant topography to the sensor surface. (c) Nanohole array as a plas-
monic sensor. Normal incidence is used, but the transmission mode geometry restricts
the fluids used to only transparent ones.
needs to be taken during these processing steps to not damage the thin, initial Au film.
Next, an optically transparent epoxy is applied (Norland 61) and the whole structure
is template stripped from the silicon mold as seen in Figures (6.2c-d). The final sensor
is shown in Figure (6.2e) and it can be seen that the patterned lines are buried in
the epoxy and the final sensor surface is the ultrasmooth, template-stripped Au. This
surface has a root-mean-square (RMS) roughness of less than 0.5 nm as measured by
AFM, and the scans are shown in Figure (6.3).
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Figure 6.2: Backside SPR fabrication schematic. (a) A 20 nm thick layer of Au
is deposited on a flat Si mold. (b) 50 nm thick Au lines are added. (c) An optically
transparent epoxy is applied and (d) the device is template stripped from the mold.
(e) The final device has an ultrasmooth top surface with nanostructures buried in the
supporting backing layer.
Devices were fabricated with the grating period and linewidth being varied to demon-
strate the tunability of the structure. Figure (6.4a) shows the optical reflection from an
array of devices when illuminated through a 5x, 0.15 NA objective with 633 nm light
and the varying response can be seen. SEM images of the sensor are shown in Figure
(6.4b) before template stripping and in Figure (6.4c) after template stripping. The grat-
ing can still be seen through the thin Au layer in Figure (6.4c) by using a 15 keV SEM
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Figure 6.3: Characterization of the sensor. (a) Cross-sectional SEM image of the
device. (b) AFM scans of the two sides of the metal film (before and after template
stripping). (c) AFM scan of the sensor surface after template stripping shows less than
0.5 nm RMS roughness. (d) AFM scan of the gratings before template stripping. The
dashed lines indicate the positions of the line-cuts used in (b).
accelerating voltage. This same process can be used to make a variety of other devices
as well, with two examples being an embedded bull’s eye62 in Figure (6.4d) and an array
of embedded nanodots in Figure (6.4e). For sensing applications all of the optics can
be performed on the grating-side of the film leaving the ultrasmooth top surface free
of restrictions when adding fluidics for biosensing applications. This allows for the use
of complex microfluidic assemblies193 and opaque liquids without needing to deal with
the absorption or scattering which causes problems in grating-based SPR sensors167 and
transmission-mode sensors. Additionally, since both collection and excitation are done
though a single lens at normal incidence, the alignment is straightforward and changing
the magnification or illumination wavelength is trivial.
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Figure 6.4: Various plasmonic devices with backside features. (a) Microscope
image showing an array of buried grating devices. SEM image of a buried grating
structure (b) before and (c) after template stripping. (d) A buried bull’s eye and (e)
buried nanodot array structure showing other structures possible with this fabrication
method.
The backside grating devices were characterized though both FDTD simulations and
experimentally. The FDTD simulations were 2D since the gratings are infinite in one
dimension. The light was incident onto the grating side of the sensor and collected from
the same side. The incident light was linearly polarized and oriented as to excite the
plasmon resonance in this structure. A grid size of 10 nm was used in the x direction
and in the z direction a 10 nm grid was used in the bulk and graded down to 1 nm
at the sensor surface. To determine the field penetration depth, the point at which
the z-component of the electric field amplitude had decayed to 1/e of the value at the
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metal surface was used. Experimentally optical reflectivity measurements were done
using an Eclipse Ti Nikon microscope with a 5x 0.15 NA objective. For illumination
linearly polarized light was used and the back aperture of the objective was under-filled
to provide mostly normal-incidence illumination. The light was sent to an imaging
spectrometer (Newport MS-257i) to obtain the spectra. Bulk index sensing experiments
were performed with glycerol in water mixtures where the glycerol percentage was varied
to vary the index of refraction. The refractive indices were verified with a refractometer
(Refracto 30PX, Mettler Toledo). Local index sensing was done using successive thin
layers of ALD. After a layer of ALD was added, water was placed on the sensor surface to
mimic the environment of a sensing experiment and the reflection spectra was obtained.
Then the chip as dried with high-purity N2 and the next layer of Al2O3 was applied,
starting the process over again. The reflection spectra were normalized to the reflection
from an unpatterned region where only the first, thin Au layer is present.
6.1.2 Results and Discussion
The reflection spectrum from an Au grating device with a period of 500 nm and a
linewidth of 200 nm was obtained both through measurement [Figure (6.5a)] and sim-
ulation [Figure (6.5b)]. Three reflection dips are clearly seen in both spectra. For
simulations the 20 nm thick Au film is placed at z = 0, with the buried gratings located
at z < 0. The sensor area located at z > 20 nm and is filled with water (n = 1.33) and
the area below the film (z < 0) is filled with epoxy (n = 1.56).
The origins of the multiple resonances can explained by looking at the two-fold
contribution of the grating bumps. A similar strong plasmon coupling between multiple
features was observed by Teperik et al. in a buried nano-void device.194 The first
contribution of the bumps in our device is to act as periodic coupling elements to excite
propagating SPs on the metal film. Since the Au film is very thin, the plasmons on
the two sides of the film will be strongly coupled (as discussed in Chapter 4). When
light is re-radiated from these plasmons, it interferes with the directly reflected light
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and creates resonance dips in the reflection. The penetration depth of propagating
SPs into their surrounding dielectric medium is usually around 100-300 nm195 and in
our case penetrates 140 nm into the water. A second plasmon mode generated by the
bumps is the localized plasmon resonance of the individual bump structures. These
resonances will have a shorter lifetime than the propagating modes which translates
into a broader resonance.196 The field from this resonance is strongly concentrated at
the bump-substrate interface, extending only 30 nm into the substrate in this case, and
can easily couple back to propagating light. The three reflection dips seen in the visible
spectrum are plotted in Figure (6.5b) and were studied individually by looking at the
z-component of the electric field and are shown in Figure (6.5c). The resonance at
671 nm shows a strong field around the bumps, but the characterizing feature is the
large penetration of the field into the water, so we will call this the water-side grating
resonance. The resonance at 877 nm, in contrast, shows a large penetration of the
field into the substrate, and we will call it the substrate-side grating resonance. The
resonance in the middle at 752 nm we will call the coupled-mode resonance and shows
a combination of propagating and localized modes penetrating into both the water and
substrate sides similarly.194,197 This resonance shows the shortest penetration depth of
80 nm into the water, or sensing side, of the Au film.
To better understand the resonances, many spectra were compared from devices
with a period 300 nm to 1000 nm and are shown experimentally measured in Figure
(6.6a) and from simulation in Figure (6.6b). First, by looking at the grating period
range of 300 to 400 nm, a strong reflection dip is located at ≈ 780 nm in simulation
and ≈ 670 nm experimentally which is mostly insensitive to changes in the period.
This indicates a localized resonance, and the feature can be seen to extend through all
of the grating periods. This region is highlighted by the dashed rectangles in Figures
(6.6a-b). This mode can also couple with propagating modes, which is why there are
areas where the localized resonance is less pronounced. The propagating modes can
be solved for using an equation similar to Equation (4.1) since the film is thin enough
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Figure 6.5: Simulation and experimental characterization. (a) Measured reflec-
tion spectra from a device with a period of 500 nm and linewidth of 200 nm. (b) FDTD
reflection spectra for the device in (a). (c) Field maps showing the z-component of
the electric field corresponding to the three dips in (b). The arrows indicate the direc-
tion of illumination. The spectra in (a)-(b) are normalized to the reflection from an
unpatterned region.
to assume strongly coupled IMI plasmon modes.198 This equation needs to be slightly
modified to take into account the asymmetric (epoxy-gold-water) structure. The two
resonances obtained by solving the full asymmetric IMI dispersion relation are plotted
with dashed lines in Figures (6.6a-b). The lines are very sensitive to period indicating a
grating-coupled plasmon. These resonances can be seen to intersect with the localized
resonance to create many peaks and dips. This means that we are seeing a combined
effect of the grating-type IMI plasmon and the localized mode to form the various modes
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in our structure.199
Figure 6.6: Reflection spectra from devices with varying period (a) measured
experimentally and (b) from simulations. The black dashed lines represent the grat-
ing resonances for the propagating IMI plasmon modes and the dashed rectangle the
localized resonance of the bump. The spectra are normalized to the reflection from an
unpatterned region.
Sensing experiments were then performed, and the first step was to determine which
peak to use. The bulk sensitivity was checked though FDTD simulations and it was
found that the water-side grating reflection dip at 671 nm shifted by 300 nm per refrac-
tive index unit (RIU), the coupled-mode dip at 752 nm shifted 240 nm / RIU and that
the peak between these two dips at 720 nm shifted by 356 nm / RIU. Thus the peak
between these two reflection dips was used for sensing. In previous works it has been
shown that spectral peaks and dips can have different responses due to the excitation of
various propagating and localized modes.200 The peak corresponding to the substrate-
side grating plasmon did not shift significantly due to changes to the refractive index
on the sensing side.
Experiments were done to measure both the bulk sensitivity and the local sensitivity
of our device. For the bulk sensitivity measurement a microfluidic channel was put on the
sensing surface and liquids with varying indices of refraction were injected. The position
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of the peak with a wavelength around 700 nm was recorded for different solutions and the
shift is plotted in Figure (6.7a). The bulk sensitivity is measured to be 410 nm per RIU.
The shift of the spectral dip at 726 nm was also recorded and plotted for comparison.
The local sensitivity is also important to measure, because for most sensing experiments
the molecular interactions occur within a few nanometers of the surface. To measure
this, thin layers of Al2O3 were successively deposited in a controlled manner via ALD
while the peak position was monitored.201,202 A 50 nm thick layer of Al2O3 was added
in 2.5 nm steps at the beginning and increasing to 8 nm steps. The shift in the peak at
700 nm was once again followed and is shown in Figure (6.7b). This shows a linear shift
if 1.1 nm per nm of Al2O3. These experiments show a slightly smaller shift compared
to similar experiments done previously because they were done in water. This was done
to better mimic the final use of the device but lowers the sensitivity since the change
in the index of refraction is less between the water and Al2O3 compared to air and
Al2O3. The local sensitivity was also characterized by measuring the peak shift before
and after the sensor was soaked in a 1 nM solution of dodecanethiol in ethanol to form
a self-assembled monolayer on the surface. This gave a spectra shift if 1.5 nm.
Many of the sensors which use plasmon resonances have an optical path which
goes through the liquid being studied. This type of geometry requires that the liquid
be optically transparent. Our device, though, has the optical path and the sensing
liquid on opposite sides of the sensor so they do not interfere which allows for the use
of opaque liquids. Food coloring dye of various concentrations was injected onto the
sensor as shown in (6.7c) and the spectra was monitored and is shown in (6.7d). As
the concentration increased the peak position shifted as expected, but there was no
degradation of the signal as the solution become more opaque. As another example of
a highly scattering liquid, a solution of milk was slowly injected onto the sensor and the
spectral response was monitored in time with one spectrum taken every 2.7 sec. The
shift in the position of the peak is plotted in (6.7e). The initial shift of 2 nm is mostly
due to the bulk index change of the liquid and after rinsing with water a net shift of
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about 0.5 nm is seen which is due to the absorption of milk proteins onto the Au surface.
Being able to do measurements with liquids such as these would not be possible with
many other plasmonic biosensors and demonstrates a key advantage to this backside
buried grating structure.
Figure 6.7: Sensing with the backside SPR grating device. (a) Bulk index
measurements were done with varying concentrations of glycerol and water and show a
sensitivity of 410 nm RIU−1 (b) Local sensitivity measurements were done with Al2O3
deposited by ALD giving a sensitivity of 1.1 nm per nm Al2O3. (c) Photograph of
an example microfluidic chip. The backside geometry allows for the use of opaque
and highly scattering solutions. (d) Spectra taken with varying concentrations of food
coloring dye. (e) Real-time sensing of milk proteins absorbing to the Au sensor surface.
Here we show a new fabrication method to make devices with an ultrasmooth, flat
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top surface which can be coupled to various nanoplasmonic structures buried in the
substrate. When used as a sensor, this architecture maintains many of the benefits of
conventional prism-based SPR systems since it operates in a reflection-mode geometry.
This decoupling of the optical path and sensing solution allows for the use of opaque and
high scattering solutions. This sensor also allows for the resonances to be easily tuned
and to operate with normally incident light. The ultrasmooth surface of the sensing
layer can be important when studying the biophysics of lipid membranes, membrane-
bound receptors, or lipid rafts. Using the same method many other devices are possible
as well such as on-chip nanophotonic circuitry and plasmonic trapping.
Chapter 7
Conclusion and Future Directions
7.1 Summary
This thesis presents a variety of novel metallic structures which can be used for plasmonic
nanofocusing. The enabling technology used as the basis for these devices is template
stripping. Template stripping makes it possible to fabricate ultrasmooth, patterned
metallic films (Au and Ag) in a cost effective manner. This feat has not been previously
possible due to the inherent roughness of as-deposited metals and difficulty in patterning
due its polycrystalline nature. Work is done to demonstrate the capabilities of template
stripping such as nanometric control over bump and groove heights, and integration of
bumps, grooves, and holes. Next, template stripping is used to fabricate devices for
nanofocusing.
Nanofocusing can applied to a variety of applications such as surface-enhanced spec-
troscopy, optical trapping, non-linear optics, heat-assisted magnetic recording, and sin-
gle molecule fluorescence. Most methods to make sharp, metallic tips for nanofocusing
suffer from low-throughput or low reliability. Here a new method is shown which can
make reliable tips for nanofocusing in a high-throughput manner. This method can
produce thousands of tips in parallel and yields can reach 95%. These tips are also very
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high quality and can produce excellent results. The tip’s performance was demonstrated
through single-molecule near-field imaging. For single-molecule fluorescence, a resolu-
tion of < 20 nm was shown along with a measured fluorescence enhancement of > 200x.
Near-field Raman imaging of carbon nanotube bundles was also shown demonstrating
the versatility of the tips.
This new fabrication method also makes it possible to fabricate more complicated tip
structures. Taking advantage of the ability to make more complex patterns with tem-
plate stripping, two new schemes are shown which improve the capabilities of nanofocus-
ing. Both of these schemes allow for the incident light to come from inside the pyramid
and focus on the outside at the tip. The first makes use of a metal deposition at an
angle to create an internal asymmetry to the pyramid. This allows for Kretschmann-like
coupling on one face of the pyramid to generate plasmons which travel towards, and
are focused by the tip. The other method places a C-shaped aperture around the tip
which allows for efficient coupling of light from the inside to the tip. Both methods
show significant nanofocusing with minimal background signal from the incident light.
7.2 Future Directions
Significant interest has been show for the distribution of the tips described in Chapter
5. Most companies making near-field imaging systems don’t have the capability to
provide a reliable and high-quality sharp metallic tips, and this is has been referred to
as one of the biggest challenges to overcome in the near-field community. The process to
make the tips has been patented,203 and currently the University of Minnesota’s office
of technology commercialization is in negotiations with multiple companies who wish
to license the technology. It is the hope that by doing this we will make it possible for
researchers around the globe to use these tips for routine experiments. By making it
more reliable to perform experiments we hope that the entire field will also grow with
people exploiting the capabilities of near-field imaging in an array of fields.
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There are also many possible extensions to this work. There is optimization on the
fabrication which can still be done, different packaging schemes to be explored, and
integrating some of the demonstrated nanofocusing concepts into near-field imaging
microscopes. Here is a list of some of the possibilities which I have started to explore,
but have not yet come to completion.
7.2.1 Oxidation sharpened tips with tunable cone angle
While the cone angle of these tips works well in our current optical setup, there are also
times when different tip angles are desired. It has been shown that the tip angle can
be tuned through dry oxidation of the silicon mold before metal deposition.?, 204 The
oxide layer formed is not formed uniformly on the mold at sharp features and the tip
angle can be tuned to be shallower with the angle dependent on the oxidation time.
This has been shown for an array of pyramid tips, but not yet with near-field imaging.
The concept is shown in Figure (7.1), where Figure (7.1a) shows the cross-section of
a wedge a mold before oxidation and Figures (7.1b-d) show the mold after oxidation.
I made some of these tips in a manner allowing them to be integrated with near-field
imaging and then with a collaborator performed TERS imaging of nanotubes. We were
able to get a resolution of <20 nm with decent field enhancements, but they did not
perform as well as expected. The yield was also not sufficient, and the resolution not
much improved. More work needs to be done here to optimize the time of oxidation
and also re-optimize the metal deposition conditions. Since the tip angle is changing,
it is possible that the ideal metal deposition conditions will be different. Once this
method is optimized, it will give another knob which the designer can turn to create a
tip optimized for a given situation.
7.2.2 Cantilever integration
The packaging of the tips is another area where advancement can be made. For imaging,
the tip needs to be close to the surface of the sample, and so a feedback mechanism
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Figure 7.1: Oxidation-tuned tip angle. (a) Cross-sectional SEM image of a silicon
mold before oxidation. (b)-(d) Cross-sectional SEM images of silicon molds after dry
oxidation in a furnace at 1000◦c. The oxide does not uniformly grow an the tip angle
can be tuned by varying the time of oxidation.
needs to be used. For this work the pyramids were mounted on a tuning fork like the
one shown in Figure (7.2a) and operated in either shear-force mode or dynamic normal
mode for feedback. Another common resonator used in most commercial AFM systems
is a cantilever. If the tips could be integrated with a cantilever they could find easier
integration into AFM systems. Initial tests have been done using a small drop of epoxy
to attach a tip to a pre-fabricated cantilever. The epoxy is placed on the silicon tip of a
normal AFM cantilever, and then maneuvered to a metal tip in the mold. The epoxy is
cured and then the cantilever is pulled away from the mold, taking the metal tip along
with it. This has had some success as shown in Figures Figure (7.2b-c), but the process
is not reliable. One problem is poor adhesion between the silicon cantilever and the
epoxy. To improve this adhesion a 10 nm thick later of chromium was first evaporated
97
onto the cantilever. Another problem is that the cantilevers frequently break while
attempting to pull the tip from the mold. Through optimization of the holding of the
cantilever, the cantilevers used, and epoxy, this process should be possible and will open
the door for more researchers to use these tips. It could also be possible to develop a
process where the cantilevers are fabricated alongside the tips. One method would make
use of SU-8 as the cantilever material due to its ease of patterning. This could allow for
the mass-fabrication of tips which are pre-packaged and also remove the step of needing
to attach the tips to tuning forks.
Figure 7.2: Pyramid tips mounted on cantilevers. (a) Photograph of a tuning
fork used for feedback. (b)-(c) SEM images of tips attached to silicon cantilevers. This
packaging scheme would increase the versatility of the tips.
7.2.3 Conductive pyramids
Another packaging scheme which would be beneficial is to make the tips electrically
conductive. If the tips were electrically conductive they could be used for scanning
tunneling microscopy (STM), where the feedback mechanism is a tunneling current
between the tip and sample. STM mode operation would allow for studies combining
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STM and optics such as light-emission studies. The one insulating component in the
system is the epoxy used to attach the pyramid tip to the wire. Initial tests have
attempted to use conductive epoxy and show that the tip response to an AC current,19
but no proof of DC conductivity has been shown and the method does not make a reliable
connection. The problem comes from how the epoxy is made conductive. Generally the
epoxy contains silver flakes on the order of about 20 µm encased in a non-conductive
epoxy. In normal use these flakes touch each other and make the bulk sample conductive.
Here, though, the connection size is smaller than the silver flakes, and it is thought that
generally no flakes are between the tungsten wire and the pyramid. Another possible
scheme to make the tips conductive is shown in Figure (7.3). Here, the pyramid is
patterned so that a large gold pad is left around the pyramid itself. When the pyramid
is pulled out, the pad comes along with it as in Figure (7.3a). If the pad is then
pushed up around the supporting wire as in Figure (7.3b), the electrical connection will
be made. Here the malleability of gold is used in our favor allowing the structure to
be easily re-formed. Initial tests have been tried, but optimization for this method is
needed along with proof-of-concept experiments to demonstrate their conductivity.
7.2.4 Patterned tips
It could also be possible to add more functionality to these tips by making patterns on
the pyramids. It has been previously shown that gratings can be patterned surrounding
the tip and can allow for linearly polarized light to excite nanofocusing at the tip.110
This has the benefits of being easier to excite (since radially polarized light is not
needed), potentially greater coupling of the excitation light to the near-field spot, and
potential for control over the polarization at the tip. Pattern pyramids have been made
and are shown in Figure (7.4). Figures (7.4a) and (7.4b) show the difference between
an unpatterned and patterned pyramid. Figure (7.4c) shows an SEM image of the
patterning around a tip which form the gratings, and Figure (7.4d) shows a close-up of
the tip, demonstrating that the tip is still ultra-sharp even after the extra processing.
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Figure 7.3: Scheme to make tips electrically conductive. (a) SEM image of a
pyramid tip and surrounding gold pad after removal from the template. (b) The gold
pad can then be pushed up against the supporting structure to form the electrical
contact. In these images the pyramid was removed with an optical fiber, which could
be coated with metal to make it conductive. The same process can be done with a thin
tungsten wire.
This also demonstrates the different scales involved. The pyramid itself is around 20
µm, the patterning is in the 100’s of nm’s range, and the tip has a radius of around
5 nm. All three of these length scales interact to form the single, intense hotspot at
the tip. I have fabricated some isolated patterned pyramids with gratings patterned on
them, and they are currently being tested with near-field imaging. Some problems still
need to be resolved such as the tip ripping out due to the differences in the template
stripping procedure of an entire film versus a single tip. These issues are being worked
on to be resolved. Once these tips work for near-field imaging, there will also need to
be optimization done to determine the best bump spacing, bump size, and number of
bumps for each wavelength used. It is also possible for different patterns to be made
such as spirals for use with circularly polarized light. This gives the potential to once
again extend the capabilities of these tips and allows for some complexity to be taken
100
away from the containing optical setup due to the increased complexity of the tip itself.
Figure 7.4: SEM images of patterned pyramids. (a) A full pyramid with no
patterning and (b) a full pyramid with gratings patterned around the tip to generate
nanofocusing at the tip from excitation with linearly polarized light. (c) A view of
the patterns surrounding the tip showing the high quality metal films which is still
produced. (d) A closeup of the tip showing a radius of ≈5 nm, demonstrating that the
tip quality is not compromised through the extra patterning step.
7.2.5 Asymmetric tips integrated on an optical fiber
Another useful nanofocusing scheme which could see further development and integra-
tion into a near-field imaging system is the asymmetric pyramid scheme introduced in
Chapter 4. This scheme allows for the pyramid to be illuminated internally. If instead
of a wire, an optical fiber was used to remove the pyramid, the fiber could be used for
the illumination, and reduce the background while allowing for more flexibility in the
optical setup. I have worked on the process, but further optimization is still needed.
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Figures (7.5a-b) show optical images, and (7.5c) an SEM image, of an asymmetric pyra-
mid which has been removed from the mold and attached to a multi-mode optical fiber
with optical-grade epoxy. When the pyramid is illuminated through the optical fiber
with a 633 nm laser, it appears to be generating nanofocusing at the tip. Figure (7.5d)
shows an optical image from a microscope when the pyramid is illuminated both inter-
nally and through bright-field to better see the placement of the pyramid. Figure (7.5e)
shows the same pyramid with only internal illumination. Half of the pyramid shows
some light leakage, as expected, and there is also an intense spot formed at the tip.
This looks similar to the film-based pyramids and gives an indication that the system is
working, but it has not yet been proven. Further work needs to be done to optimize the
pulling and alignment procedures so that the asymmetric tips can be reliably pulled.
Also, proof-of-concept experiments can be preformed to demonstrate the nanofocusing
such as optical trapping or Raman. After this happens, the fiber can be mounted to a
tuning fork and the tip can be scanned to perform near-field imaging. This new modal-
ity should provide many of the benefits of aperture-NSOM, but with a much higher
resolution since the tip, which defines the resolution, is still intact.
7.2.6 Magnetic tips
It has been shown that it is also possible to template other metals besides gold and
silver.205 This method uses a thin layer of gold which is deposited into the mold first
and used as a release layer. The desired metal is then deposited and the entire film stack
is template stripped from the mold. Using this same method it could be possible to
fabricate pyramids with a magnetic material, such as nickel, to create pyramids which
can attract magnetic particles. I have done initial testing of this method with a 30
nm-thick later of gold followed by 200 nm of nickel. Two problems arose. First, when
the wafer was removed from the evaporator after the deposition there was a high stress
in the film, and since the gold doesn’t adhere well to the silicon, and small bump would
immediately cause the entire film to delaminate. A wafer after deposition which has
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Figure 7.5: Asymmetric pyramid mounted on an optical fiber. (a)-(b) Optical
microscope images of an asymmetric pyramid glued to an optical fiber with epoxy. (c)
SEM image of the tip in (a). (d) Microscope image looking at the pyramid from above
with both internal and bright-field illumination. (e) Same pyramid as in (d) with only
internal illumination by a 633 nm laser. A bright spot can be seen at the tip indicating
nanofocusing.
delaminated can be seen in Figure (7.6a). This problem was solved by letting the films
cool before further processing. Secondly, the gold film was not thick enough to form a
continuous layer along the sides of the pyramids since the deposition is onto an angled
profile, making the thickness normal to the surface less than the nominal thickness
deposited. This problem can be seen in Figure (7.6b) where the flat regions show a
continuous film, but angled regions defining the pyramid don’t have a continuous film.
This problem can be solved by increasing the deposited gold layer to either 40 or 50 nm.
Wedges have been made through this process and have shown great potential and the
ability to attract magnetic beats along the tip. This process can be further developed
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and proof-of-concept experiments need to be preformed.
Figure 7.6: Magnetic pyramids from template stripping. (a) A photograph of
a wafer where the gold and nickel film delaminated after deposition. This problem
can be solved by letting the wafer cool before further processing. (b) SEM image
of the template-stripped film stack. The gold is continuous in the flat regions, but is
discontinuous in the angled regions. This problem can be solved by depositing a slightly
thicker layer of gold.
7.2.7 Multi-sized pyramids
There are also times when it might be nice to place a substrate right above the tips
of the pyramids, but not touching it. This substrate could be a coverslip to help with
imaging or to create a small reservoir of water surrounding pyramid or it could be a
conducting electrode to help with processes such as dielectrophoresis.18 To do this, one
could fabricate wedges surrounding the pyramids for protection. The wedges would be
made slightly larger, and so would be slightly higher. The initial pattern size could
then be adjusted to vary the distance between the supported substrate and the pyramid
tip. An example structure is shown in Figure (7.7) where pyramids are surrounded by
slightly taller wedges. This idea could help with the integration into other types of
sensors and sensing methods.
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Figure 7.7: Pyramids surrounded by wedges for protection. SEM image of an
example structure. A substrate can be place on top of, and supported by the wedges
which would allow it to come within microns of the pyramid’s tip without touching and
damaging it.
7.2.8 Integration of multiple features
The power of this process is that many of the ideas presented here can also be integrated
together to form even more complex tips. One could, for example imagine a magnetic,
patterned pyramid which is mounted on a cantilever or an asymmetric pyramid which
is also conductive with a tunable tip angle. Figure (7.8) shows a pyramid fabricated
combining a tunable tip angle and the patterning of gratings around the tip. These
integration schemes may also just be a sampling of the types of tips possible through
the foundation provided by this method.
7.3 Conclusion
This thesis has presented a new fabrication technique for nanofocusing probes. This
method opens the door for many possible modifications to the tip which can improve
their functionality while also being reliable. This thesis has focused on setting a good
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Figure 7.8: Pyramid combining patterning and tip angle tuning. SEM image of
a pyramid demonstrating the integration of multiple features. Here the tip angle was
tuned to be shallower and bumps were patterned around the tip.
foundation and extra effort has been done to optimize the base steps to set the method
up well for continued advancement. Steps such as fabricating a sharp mold and op-
timized deposition conditions will still be used as the tips get more complex, and the
better the base pyramids are, the better the more complex ones will be as well. This
thesis has proven the method and has also presented either through larger studies (such
as asymmetric pyramids) or ideas (such as the ideas immediately proceeding this sec-
tion) many possibilities for the extension of this method to more complex designs. The
invention of a tip which is reliable and can be mass-fabricated is useful in itself, but
possibilities this method brings makes it even more exciting. The methods presented
here should provide the foundation for many studies in the future and help the field of
near-field imaging become more routine to a larger group of people.
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Appendix A
Fabrication Methods and Recipes
A.1 Isolated gold pyramid fabrication
A.1.1 Basic fabrication process
1. Start with a prime <100> wafer coated with 400 A˚Si3N4
2. Pattern wafter with circular holes
Method 1: Photolithography
(a) Bake at 120◦C for 5 min
(b) Put in vapor HMDS for 3 min
(c) Spin coat S1805 photoresist on wafer at 6000 ROM for 30 sec
(d) Bake at 115◦C for 1 min
(e) Expose to mask with circles in stepper with a dose of 125 mJ/cm2
(f) Bake at 115◦C for 1 min
(g) Develop in 351:H2O 1:5 for 35 sec
(h) Rinse with DI water
(i) Dry with N2
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Mathod 2: E-beam lithography
(a) Spin coat PMMA 950 C4 at 3500 RPM for 30 sec
(b) Back at 180◦C for 10 min
(c) Write pattern with circles on Vistec
(d) Develop in MIBK:IPA 1:3 for 35 sec
(e) Rinse with IPA
(f) Dry with N2
3. Etch in AV etcher for 15 sec (50 watts power; 100 mTorr pressure; 100 SCCM O2)
4. Etch nitride in AV etcher for 2.25 min (100 watts power; 30 mTorr pressure; 12
SCCM CHF3, 42.5 SCCM N2, 3 SCCM O2)
5. Etch PMMA away in AV etcher for 15 min (O2Clean recipe)
6. Etch in KOH for 60 min (30% KOH saturated with IPA at 80◦C, with wafer face
up)
7. Rinse for 10 min in H2O
8. Etch iron oxide particles in 1:5 HCl:H2O for 5 min
9. Rinse for 10 min in H2O
10. Clean in H2SO4:H2O2 1:1 at 120
◦C for 25 min
11. Rinse in H2O
12. Dip in 10:1 BOE for 10 sec
13. Rinse in H2O
14. Clean in H2SO4:H2O2 1:1 at 120
◦C for 5 min
134
15. Rinse in H2O
16. Dry with N2
17. Deposit Au on wafer in AJA-2 sputterer system. 300 sec of Au deposition (about
250 nm).
18. Lift-off by etching nitride in HF 49% for 7 min (or until nitride is gone making
the surface hydrophobic)
19. Inspect pyramid tips by SEM
A.1.2 Deposition for Ag pyramids
For silver, the deposition conditions found to be the best are using the CHA evaporator
with an initial rate of 0.5 A˚per sec for the first 50 nm, then up to 2 A˚per sec until the
final thickness of 200 nm. A gold backing layer can also be added for protection.
A.1.3 Deposition optimization
For these pyramids the size of the tip is a very important trait. For a particular metal,
the tip radius is dependent on not only the mold, but also the deposition conditions of
the metal. Figure (A.1) demonstrates this fact by looking at cross-sectional SEM images
of wedges. In both of the cases the mold is very sharp (about 2 nm radius), but the
filling is different between the two. Figure (A.1a) shows a good deposition with the tip
radius of the metal being around 5 nm. It should be noted that the metal wedge pulled
slightly away from the mold during the cross-sectioning, but the tip can still clearly be
seen. Figure (A.1b), on the other hand, shows metal which was poorly deposited and
the tip has a much larger radius of curvature. It had previously been shown that very
slow deposition produces the smoothest films when template stripping flat films,55 but
it does not give the best tips. Experiments show that fast sputtering gives the sharpest
tips when using gold. This may be due to the increased energy of the particles compared
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to e-beam evaporated metal, but another likely case is that it is due to temperature. If
the deposition rate is slow, the deposition takes a long time which give the substrate
a long time to heat up. It has been shown that a sharp tip left at room temperature
for 2 weeks will blunt itself due to ion migration,204 and an increase in temperature
will speed this process up. With the optimal deposition conditions sharp pyramids can
consistently be made.
Figure A.1: Cross-sectional SEM image of metal deposited in a wedge mold.
(a) Demonstrates a sharp tip while (b) shows a tip which is significantly more blunt.
Changing the deposition conditions can vary the sharpness of the tip.
A.1.4 Removal of Iron Oxide
Another problem which can occur during fabrication of the pyramidal molds is the
precipitation of iron oxide particles.206 During the KOH etching process there can be
small amounts of iron present in the solution which can then precipitate on the surface.
Figure (A.2) shows SEM images of the precipitated particles on a pyramid mold after
KOH etching. To remove these particles the silicon wafer should be placed in a bath
of 1:5 HCl:H2O for 5 min after KOH etching. This will remove the particles which are
unwanted in future steps.
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Figure A.2: Iron oxide particles precipitated during KOH etching. SEM images
of the iron oxide particles. The particles can be removed in a bath of HCl.
A.1.5 Knife Edges
Another common problem when making pyramids is knife edges. When a pyramid is
etched, we want for it to come to a single point, such as the ones shown in the SEM
images of Figures (A.3a-c). It is also possible for the pyramid to come to two points
where a line connects the two points. This is called a knife edge and is shown in Figures
(A.3d-f). The knife edge pyramid is essentially a small wedge. It is known that if the
initial etch mask for KOH etching is an oval, it will make a wedge-shaped structure. As
this oval becomes more like a circle, the wedge will become more like a pyramid. This is
because of how the KOH anisotropically etches by leaving the (111) planes exposed. To
make a perfect pyramid, an oval needs to be patterned with a minor and major axis of
the same length. Any difference between the minor and major axis will result in a knife
edge of that size. This leads to a very tight tolerance. The pyramids generally have a
diameter of 20 µm and so to get a 10 nm knife edge or less the tolerance between the
two axes is 2000:1.
To keep within this tolerance, all the the steps in the process need to be precisely
controlled. First, the mask for the photolithography needs to be made. The trouble
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is that the mask-making machine isn’t always perfectly calibrated. To calibrate it I
made many different masks with various offsets. I then make pyramid molds and could
determine which offset was needed for the machine to make perfect circles. Next, the
photolithography process needs to be tuned and adjusted to find an optimized process.
It is also helpful to use a 5x stepper for the exposure as to reduce and error caused by the
photomask. Also, the process for etching the silicon nitride needs to be optimized. The
recipe needed to be tuned to give as good of a selectivity of silicon nitride over silicon
and the etch time was tuned to not over-etch into the silicon. Finally, the position and
orientation of the wafer in the KOH bath needs to be optimized. I found that the wafers
should either be periodically rotated during the etch or that they can be placed face up.
With these optimizations it is possible to produce wafers where 95% of the pyramids
have less than a 20 nm knife edge.
Figure A.3: Comparison of pyramids with and without knife edges. SEM images
are shown comparing pyramids and molds with and without knife edges. Panels (a)-(c)
don’t have knife edges while (d)-(f) have knife edges. Panels (a) and (d) are looking
into the Si mold after KOH etching, but before metal deposition. Panels (b) and (e)
are looking to the mold before template stripping, but after metal deposition. Panels
(c) and (f) show the final template stripped pyramids.
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A.1.6 Optimization of mold etching
To make a pyramids with a sharp tip, it is important to have a sharp mold. Figure
(A.4a) shows an example of a mold not etched well which is not sharp and thus will not
produce sharp pyramids. Figure (A.4b) shows an example of a mold which is etched
well and a very sharp point is reached. To consistently get sharp molds it is important
to optimize the KOH etching recipe. I found that etching the molds for 60 min in a
solution of 30% KOH saturated with IPA at 80◦C will consistently give a sharp mold.
Figure A.4: Optimization of mold etching (a) SEM image of a mold which was
not etched correctly and so does not come to a sharp point. (b) SEM image of a mold
etched with optimized conditions to produce a mold where the point has about a 2 nm
radius.
A.2 Fabrication of gratings from Chapter 3
1. FIB milling of patterns
(a) Start with clean <100> silicon wafter
(b) System used: FEI Dual Bean Quanta 200 3D
(c) Milling current 50 pA and 30 kV accelerating voltage
(d) For grooves: adjust milling times to create grooves of slightly different depths
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(e) For bumps: ion induced deposition of platinum done with a current of 10 pA
and 30 kV accelerating voltage beam
2. Deposit 11 nm thick layer of silica via atomic layer deposition (Cambridge Nano
Tech, Inc.)
3. Metal deposition
(a) Using CHA SEC600 e-beam evaporator
(b) Base pressure of 2× 10−6 Torr
(c) 300 nm Ag deposited at 0.1 A˚ per second initially, and 1 A˚ per sec after 50
nm (100 nm for bump and aperture devices)
(d) Anneal at 200 ◦C for 10 min in rapid thermal annealer (RPT-600S)
4. Template strip
(a) Apply optical epoxy (Norland Products, NOA 61) between sample and clean
glass slide
(b) Cure under UV lamp
(c) Age on hotplate for 12 hours at 55 ◦C
(d) Use razor blade to separate silicon wafer and glass slide
A.3 Fabrication of asymmetric pyramids from Chapter 4
1. Start with a pyramid mold using the fabrication as described above
2. Mount the mold at an angle of around 15◦ in the deposition chamber
3. Deposit 120 nm of Ag or Au in the CHA evaporator. Start with a deposition rate
of 0.2 A˚per sec and increase to 1 A˚per sec after the first 40 A˚
4. Template strip using the method described previously
Appendix B
Common Acronyms
Table B.1: A listing of the common acronyms used through-
out the dissertation text.
Acronym Definition
AFM Atomic Force Microscope
APD Avalanche Photodiode
BR Backward Radiation
CNT Carbon Nanotube
FDTD Finite Difference Time Domain
FEM Finite Element Method
FIB Focused Ion Beam
FLIM Fluorescence Lifetime Imaging Microscopy
IPA Isopropanol
KOH Potassium Hydroxide
LDOS Local Density of Optical States
LSPR Localized Surface Plasmon Resonance
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Table B.1 – continued from previous page
Acronym Meaning
NSOM Near-field Scanning Optical Microscopy
PDMS Polydimethylsiloxane
PMMA Polymethyl Methacrylate
RIU Refractive Index Unit
RMS Root-Mean-Square
SAM Self Assembled Monolayer
SEM Scanning Electron Micrograph
SERS Surface Enhanced Raman Spectroscopy
SP Surface Plasmon
SPP Surface Plasmon Polariton
SPR Surface Plasmon Resonance
